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CHAPTER 1
General introduction 
and scope of the thesis 
Misun Lee and Dick B. Janssen
Department of Biochemistry, Groningen Biomolecular Sciences and Biotechnology Institute 
(GBB), University of Groningen, Nijenborgh 4, 9747 AG Groningen, The Netherlands
547288-L-bw-Lee




Xylose isomerases are tetrameric metalloenzymes that catalyze aldose-
ketose interconversion. Their activity is widely used in industrial biocatalysis, 
especially for the preparation of high-fructose syrups from glucose-containing 
starch hydrolysates. The activity with xylose is industrially relevant because it 
converts xylose that cannot be fermented by yeast to xylulose, which is accepted 
as a substrate for alcoholic fermentation. Several crystal structures of xylose 
isomerases have been solved and the catalytic mechanism has been investigated, 
opening the way to engineering more efficient variants of these enzymes. The 
properties of xylose isomerases and the potential of protein engineering to 
improve xylose metabolism by yeast are discussed here.
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GENERAL INTRODUCTION AND SCOPE OF THE THESIS
PART 1. GENERAL PROPERTIES OF XYLOSE ISOMERASES 
Figure 1. Word map of xylose isomerase.
The map displaying xylose isomerase-related words was obtained from the BRENDA enzyme database. 
Through text mining algorithms, the 50 most appearing and relevant words based on the titles and 
abstracts of literatures available in PubMed are selected for the word map generation [1]. The words 
are ranked by font size based on the relevance as well as categorized (ex. organisms and application 
etc.) and color-coded accordingly. The two industrial applications most often associated with xylose 
isomerase are enzymatic production of high-fructose corn syrup and fermentative production of 
lignocellulosic bioethanol. The most studied xylose isomerase is an enzyme from Streptomyces. 
The xylose isomerase from Piromyces has received much attention because of its high functional 
expression in S. cerevisiae and thereby its role in bioethanol production.
Industrial application of xylose isomerase 
Xylose isomerases (EC 5.3.1.5) are enzymes that catalyze interconversion of 
aldoses and ketoses. Since their first discovery in the early 1950s [2], xylose 
isomerases have become one of the most important classes of industrial enzymes. 
In the 1960s, xylose isomerases were usually referred to as glucose isomerases 
in view of the ability to catalyze interconversion of d-glucose and d-fructose. 
Enzymatic glucose to fructose isomerization is widely used to produce HFCS 
(high fructose corn syrup) from corn starch hydrolysates. HFCS is an important 
sweetener for the food and beverage industry. Often, the isomerization reactions 
are carried out at elevated temperature (e.g. 60°C) and at very high substrate and 
product concentrations (up to 42% glucose of which 50% is isomerized). Later, it 
was realized that these xylose isomerases can also convert d-xylose  to d-xylulose 
(Figure 2), and in most cases xylose isomerization is catalyzed much more 
efficiently than glucose isomerization owing to the much lower KM for the former 
[3–7]. Some xylose isomerases were shown to isomerize other sugars  such as 
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CHAPTER 1
d-ribose, l-arabinose or d-lyxose as well but these reactions and their application 
are much less explored [8–10]. Some xylose isomerases were engineered to steer 
the activity towards non-natural substrates [11,12]. The rising awareness of the 
urgency to develop renewable energy sources and the possible application of 
xylose isomerase in second-generation bioethanol production revived a strong 
interest in these enzymes. 
Figure 2. Reactions catalyzed by xylose isomerase (XI).
Currently, most of the industrial bioethanol is produced by fermentation of sucrose 
obtained from sugar cane or sugar beet and of glucose and maltose derived 
from starch. The starch is obtained from corn or wheat (https://www.epure.
org/resources/statistics/). The fermentation processes are well-established and 
ethanol yields obtained with the common yeast Saccharomyces cerevisiae are 
high. However, there are serious concerns about the use of starch- and sugar-
based carbohydrates as feedstock for biofuel production since starch is the main 
component of staple foods world-wide. A higher demand for starch will increase 
food prices, either directly in case of starches from edible plants or indirectly 
due to competition for cultivatable land. Thus, large-scale use of these so-called 
‘first-generation’ bioethanol processes is undesirable [13]. The food-fuel problem 
increased interest in the use of cellulose, hemicellulose and lignocellulose as 
feedstock. These are abundantly available as agricultural waste material or 
side product in the food industry and used in the so called ‘second generation’ 
bioethanol processes. Possible sources of lignocellulose include wheat straw and 
corn stover. However, due to the recalcitrant structural properties of these plant 
materials in comparison to starch, the second-generation bioethanol processes 
are more laborious. Cellulose and lignocellulose are not accepted as fermentable 
carbon sources by yeast, and their use requires careful design and optimization 
of pre-treatment steps in the production process [14].
To release fermentable sugars from (ligno)cellulosic biomass, it is necessary 
that during pre-treatment the plant cell wall structure is degraded, releasing 
cellulose and hemicellulose from lignin (Figure 3). Subsequent treatment with 
hydrolytic enzymes releases monosaccharides such as d-glucose, d-xylose and 
l-arabinose, which subsequently must be fermented to ethanol. Since biomass 
represents one of the major cost factors, maximizing the efficiency of its use 
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design and optimization of pre-treatment steps in the production process [14]. 
To release fermentable sugars from (ligno)cellulosic biomass, it is necessary that during pre-
treatment the plant cell wall structure is degraded, releasing cellulose and hemicellulose from lignin 
(Figure 3). Subsequent treatment with hydrolytic enzymes releases monosaccharides such as D-
glucose, D-xylose and L-arabinose, which subsequently must be fermented to ethanol. Since biomass 
represents one of the major cost factors, maximizing the efficiency of its use is essential for attractive 
process economics. Ideally, all sugars present in the hydrolysate should be converted to ethanol. 
However, S. cerevisiae, which is the most commonly employed microorganism for the fermentation 
process, is unable to utilize 5-carbon sugars like arabinose and xylose. The robustness of this yeast 
and the widely availabl  genetic engineering tools have triggered res arch aimed at improving its 
Figure 2. Reactions catalyzed by xylose isomerase (XI).  
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GENERAL INTRODUCTION AND SCOPE OF THE THESIS
is essential for attractive process economics. Ideally, all sugars present in the 
hydrolysate should be converted to ethanol. However, S. cerevisiae, which is 
the most commonly employed microorganism for the fermentation process, is 
unable to utilize 5-carbon sugars like arabinose and xylose. The robustness of this 
yeast and the widely available genetic engineering tools have triggered research 
aimed at improving its suitability for fermentation of hydrolyzed hemi- and 
lignocellulose [15,16]. For example, it is crucial to develop a yeast strain that can 
tolerate inhibiting or toxic compounds such as acetic acid, hydroxymethylfurfural 
(HMF) and furfural which are produced during biomass pre-treatment [17–19]. To 
overcome the limitations of the S. cerevisiae sugar transport system with respect 
to uptake of mixed sugars, more efficient transporters have been engineered 
[20–22]. 
Figure 3. Simplified scheme of the second-generation bioethanol production. 
The pre-treatment can be done with biological, mechanical, chemical or physicochemical methods 
[14,23]. It should open up the recalcitrant lignin-containing cell wall structure, exposing cellulose and 
hemicellulose, which can be hydrolyzed enzymatically using enzyme cocktails typically composed of 
endoglucanases, exoglucanases, ß-glucosidases and xylanases, or by acid treatment [24]. Glucose 
and xylose are the most abundant sugar monomers formed by hemicellulose hydrolysis and are 
converted to ethanol through fermentation by S. cerevisiae. 
The composition of the sugar mixture obtained by pre-treatment depends on 
the source of the biomass but in general d-glucose is most abundant followed 
by d-xylose  which takes up around 30% [25]. It is therefore important to achieve 
xylose to ethanol conversion, which is not possible with natural isolates of S. 
cerevisiae [16]. Consequently, one of the main challenges in the development 
of second-generation bioethanol processes is to engineer S. cerevisiae strains 
capable of efficient xylose fermentation. Fortunately, this yeast can metabolize 
d-xylulose, the ketose isomer of d-xylose  [26,27]. Introducing a path to convert 
xylose into xylulose indeed enables xylose fermentation of S. cerevisiae [28–30]. 
This aldose to ketose interconversion can be catalyzed by a xylose isomerase 
heterologously expressed in S. cerevisiae (Figure 4A). In addition to this one-
enzyme conversion, xylose can also be converted to xylulose in two steps by 
xylose reductase (XR) and xylitol dehydrogenase (XDH). Xylose is then first 
  • Enzymatic 
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   - exoglucanases
   - β - glucosidases
   - xylanases 
            
  • Biological
  • Mechanical 
  • Chemical 
  • Physicochemical 
Biomass
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CHAPTER 1
reduced to xylitol by XR using NADPH and xylitol is subsequently oxidized to 
xylulose by XDH using NAD+ as the cofactor. When these enzymes are expressed 
together in S. cerevisiae (Figure 4A), the recombinant yeast can convert xylose 
but the cofactor imbalance between NAD+ and NADPH causes accumulation of 
the intermediate xylitol, which has a negative impact on the final ethanol yield. 
S. cerevisiae using xylose isomerase for xylose to xylulose conversion produces 
much less xylitol, leading to higher ethanol yields and making this the preferred 
pathway [31,32]. 
Expression of xylose isomerase in S. cerevisiae 
Since the first attempt to express xylose isomerase (XI) from E. coli in yeast 
[26], there have been many efforts to find suitable xylose isomerases, including 
enzymes that are better expressed and give higher isomerization activities. 
However, several XIs could not be produced in yeast or were expressed in some 
inactive form [33–36]. The causes of poor functional expression of some xylose 
isomerases are not clear but the use of non-codon-optimized genes may possibly 
have led to this unfortunate result in some cases, especially for the bacterial XI 
genes [26,34,35]; it is only recent that we are privileged of having access to cost 
efficient gene synthesis services [37]. The first xylose isomerase expressed in S. 
cerevisiae with a detectable activity originated from the thermophilic bacterium 
Thermus thermophilus. However, due to the significant drop in activity at 
lower temperatures, further engineering of this thermophilic xylose isomerase 
was necessary for in vivo function of the enzyme at the typical fermentation 
temperature of 30 – 40 °C [38,39]. More recently, the successful expression of 
a putative xylose isomerase gene from the fungus Piromyces E2 (PirXI) paved 
the way for achieving effective xylose isomerization and xylose to ethanol 
fermentation in S. cerevisiae [30]. Engineered S. cerevisiae (Figure 4B) expressing 
the PirXI gene as well as the native xylulose kinase gene and genes coding for 
enzymes involved in the non-oxidative pentose phosphate pathway showed 
effective xylose to ethanol fermentation [30,40,41]. Furthermore, deletion of the 
aldose reductase encoding gene GRE3 (Figure 4B) greatly reduced formation of 
the side product xylitol, which resulted in higher ethanol yields [40,42]. 
After discovery of PirXI, several other xylose isomerases which could be 
functionally expressed in S. cerevisiae were identified. Figure 5 and table 1 show 
xylose isomerases which were expressed well or were attempted but failed to be 
expressed in S. cerevisiae. Since the XI pathway of xylose metabolism is known 
to be utilized mainly by bacterial phyla such as Bacteriotes and Firmicutes, it 
is not surprising that most of the XIs studied originate from bacteria [43,44]. 
Most fungal strains that have been examined use the reductase/dehydrogenase 
reactions for xylose metabolism; in this respect organisms such as Piromyces 
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and Orpinomyces [45] seem to be exceptional. The anaerobic fungus Piromyces 
sp. E2 isolated from the feces of an Indian elephant showed xylose isomerase 
activity and cDNA encoding XI could be obtained [30,44]. Xylose isomerase from 
Orpinomyces, an anaerobic fungus isolated from cattle rumen fluid show a very 
high sequence similarity (94.5 %) to PirXI [45]. Both fungal xylose isomerases 
showed functional expression in S. cerevisiae, enabling growth on xylose [30,45]. 
Interestingly, the XIs from these fungi share a high amino acid sequence identity 
with xylose isomerases from the Bacteroidetes phylum of gram-negative bacteria 
(Figure 5) leading to the suggestion that their XI genes were acquired through 
horizontal gene transfer [46].       
Figure 4. Engineered xylose metabolic pathway in S. cerevisiae.
Xylose to xylulose conversion can be accomplished (A) by a combination of a xylose reductase (XR) 
and xylose dehydrogenase (XDH) or (B) by incorporating xylose isomerase (e.g. PirXI) in S. cerevisiae. 
Genes encoding heterologously expressed enzymes are indicated with red letters. The green upwards 
arrows show overexpression of native S. cerevisiae genes.  A red cross indicates deletion to avoid 
misrouting.
To date, PirXI seems to be one of the best xylose isomerases for introducing 
xylose fermentation in S. cerevisiae. However, the xylose fermentation properties 
of yeast strains expressing such a heterologous XI still suffer from limitations 
and improvement of several aspects is desired, such as a more efficient pentose 
transport system, optimization of the regulation of central metabolism, increased 
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Processed on: 21-8-2020 PDF page: 14
14
CHAPTER 1
cellular robustness, and better kinetic properties of the xylose isomerase itself 
[47,48]. Insufficient in vivo performance of PirXI is reflected in the high copy 
number of the XylA gene that is required for growth of S. cerevisiae on xylose 
[30,31]. Expression of a recombinant enzyme to very high levels will be a burden 
to the cells with a negative effect on growth and product yield [49,50]. Therefore, 
engineering xylose isomerase variants for improved in vivo performance will 
help to optimize xylose fermentation by S. cerevisiae. 
Figure 5. Neighbor-joining tree based on amino acid sequences of xylose isomerases expressed 
in S. cerevisiae. The xylose isomerases from organisms indicated in red failed to express, while the 
ones in blue showed expression of the protein but no activity. E. coli XI was initially not expressed 
at all [26] and in a later study expressed as a non-active protein [33]. The other XIs, indicated in 
black, were functionally expressed in S. cerevisiae. 
*  Very low activity at the relevant fermentation temperature, 30 - 40 °C       
** Expression on the cell surface  
*** Co-expression with a chaperonin complex GroEL-GroES   
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Piromyces sp. E2 Fungi Y Y II No [30,44]
Escherichia coli K12 Proteobacteria 47.8 N N II No [26]
Escherichia coli K12 Proteobacteria 47.8 Y N II No [33]
Actinoplanes missouriensis Actinobacteria 21.4 N N I No [35]
Bacillus subtilis Firmicutes 47.1 Y N II No [35]
Lactobacillus pentosus Firmicutes 44.7 N N II No [51]
Thermoanarobacterium 
thermosulfurogenes Firmicutes 49.4 N N II No [34]
Thermus thermophilus Deinococcus-Thermus 24.6 Y Y I No [39]
Streptomyces rubiginosus Actinobacteria 25.4 Y N I No [36]
Clostridium phytofermentans Firmicutes 53 Y Y II Yes [28]
Orpinomyces Fungi 94.5 Y Y II No [45]








(Unspecified ) 59.5 Y Y II No [53]
Ruminococcus flavefaciens Firmicutes 49.2 Y Y II Yes [54]
Prevotella ruminicola Bacteroidetes 77.5 Y Y II Yes [55]
Burkholderia  cenocepacia Proteobacteria 50.2 Y Y II No [29]
Lactococcus lactis Firmicutes 46.8 Y Y II Yes [56,57]
Protists of R. speratus Protist 49.7 Y Y II Yes [57]
Propionibacterium 
acidipropionici Actinobacteria 45.3 Y Y II Yes [58]
Bacteroides uniformis 
ATCC8492 Bacteroidetes 81.2 Y Y II Yes [59]
Bacteroides vulgatus Bacteroidetes 81.5 Y Y II No [60]
Tannerella sp. 6_1_58FAA_
CT1 Bacteroidetes 81 Y Y II No [60]
Alistipes sp. HGB5 Bacteroidetes 76.5 Y Y II No [60]
Paraprevotella xylaniphila Bacteroidetes 81.9 Y Y II No [60]
Bacteroides 
thetaiotaomicron Bacteroidetes 83.6 Y Y II Yes [61]
Clostridium cellulovorans Firmicutes 50 Y Y II No [62]
Bovin rumen metagenome Bacteroidetes* 77.6 Y Y II No [63]
* Deduced from the high sequence identity shared with Prevotella ruminicola. 
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Structure and mechanism of xylose isomerase
Contemporary enzyme engineering is guided by structural and biochemical 
information of the target enzyme and its close homologs. As xylose isomerases 
have been studied for many years, there is a substantial amount of literature 
and structural data as well as sequence information available. More than 160 
structures of xylose isomerases from 16 different strains have been deposited 
in the protein structure database (https://www.rcsb.org/). In general, xylose 
isomerases are homotetramers with each monomer comprising a TIM-barrel 
motif with an active site. Xylose isomerase is a metalloenzyme which requires 
two metals for its activity [8,64–67]. The highly conserved active sites include 
several metal-binding residues as well as 2-3 conserved tryptophan groups 
involved in substrate binding (Chapter 2, Figure 4). 
Xylose isomerases can structurally be divided in class I and class II enzymes. 
The sequence of PirXI shows that it belongs to the class II enzymes. Overall 
structures of enzymes from these classes are very similar but the class II XIs 
isomerases typically contain an additional 30-45 amino acid segment at the 
N-terminus of which the role is not clear (Figure 6). Interestingly, most of the 
enzymes reported to be functionally expressed in yeast are the longer class II XIs 
(Figure 5 and Table 1). Whether the extension plays a role in expression is unclear; 
it is also possible that homologs of the class II PirXI, which was the first one to be 
well produced in yeast, have been more often examined for the expression. 
Most of the structures deposited in the protein databank are from class 
I isomerases, including several crystal structures from the Streptomyces 
rubiginosus enzyme. Only a few class II XI structures were available until recently, 
all without substrate bound [68]. The structure of PirXI was also not available 
at the start of the work described in this thesis. Obtaining structures of PirXI is 
important both for understanding biochemical differences that the two classes 
of XI may possess and for structure-guided enzyme engineering. Furthermore, 
a structure of a class II XI that is functionally expressed in S. cerevisiae may 
be used as a reference for comparing other xylose isomerases to improve their 
performance in yeast. Therefore, we have solved the X-ray structures of PirXI, 
obtaining 12 structures with different combinations of ligands, as discussed in 
Chapter 2.  
The catalytic mechanism of xylose isomerase has been studied in detail. The 
reaction was initially thought to follow the triose-phosphate isomerase-like proton 
transfer mechanism which involves an enediol intermediate [69,70] but later 
proven to occur via a metal-mediated hydride shift mechanism [66,71–74] (Figure 
7). This conclusion is based on the observation with deuterium isotopes that the 
hydrogen transferred to the carbonyl carbon of the substrate originates from the 
neighboring carbon atom instead of from the solvent. The extremely low isotope 
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exchange with the solvent invalidated the proton transfer mechanism for the 
xylose isomerase reaction [75]. The difference in reaction mechanism is maybe 
reflected in the very different catalytic rates of these two classes of enzymes. 
Compared to triosephosphate isomerase which is known to be one of the fastest 
enzymes (typically over several thousand of turnovers per s), xylose isomerase is 
rather slow (less than 10 s-1 at 30 °C). The xylose isomerase mechanism involves 
two divalent cations – each facilitating substrate binding and hydride shift. Apart 
Figure 6. Major structural differences of 
class I and class II XIs. 
(A) Tetrameric structures of a class I XI (5XIN). 
(B) Tetrameric structure of class II XI (5NH7). 
Each monomer is depicted by different colors 
and the longer N-terminal tails in class II XIs 
are depicted as darker shades. (C) Aligned 
structures of monomers of class I and class II 
XIs. Class II XIs exhibit an extended N-terminal 
tail and a longer α1 helix compared to class 
I XIs which is shown in darker orange color. 
The metals and xylose are depicted as green 
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from the fact that the metal mediated isomerization of xylose involves more steps 
in the catalytic cycle such as metal binding and ring opening/closure of substrate/
product, the required movement of the catalytic metal prior to the hydride transfer 
may cause such a difference in the reaction rate compared to triosephosphate 
isomerase [66,76,77]. In Chapter 2, we describe a step-wise reaction mechanism 
of PirXI based on previous studies and possible role of the two metals which is 
supported by X-ray structures with different ligand combinations.
To date, many xylose isomerases are characterized and the information 
is available via the enzyme database BRENDA (www.brenda-enzymes.org). 
Extensive enzymatic studies were performed on xylose isomerases from several 
organisms such as Streptomyces rubiginosus, Streptomyces violaceoruber, 
Actinoplanes missouriensis and Arthrobacter sp. [4,10,78–81]. Since XI is a 
metalloenzyme, many of these studies were focused on the metal dependent 
activities. XIs seem to be rather promiscuous with respect to the types of 
metal that can activate the enzyme. The native metal binding status of xylose 
isomerases, i.e. the in vivo metal occupancy in the native organism, is mostly 
unknown. Activity assays of heterologously expressed XIs are commonly 
performed in vitro in the presence of different added metals, with Mg2+ used 
most often in the standard assay conditions. Metals reported to activate xylose 
isomerase include Mg2+, Mn2+, and Co2+. Although there is an exception [38,82], 
class I XIs seem to be better activated by Mg2+ whereas class II enzyme prefer 
Mn2+ for activity [4,10,67,83].   
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Figure 7. Possible mechanisms of aldose-ketose interconversion [70,72,73]. 
PART 2. ENGINEERING OF XYLOSE ISOMERASE
Rational enzyme engineering
Molecular enzyme engineering uses biochemical, sequence and structural 
information for mutant design. The design strategy is usually inspired by comparison 
of homologous enzymes and detailed analysis of the reaction mechanism and 
enzyme-substrate interactions. Challenges in rational enzyme engineering come 
from the limited knowledge on the role of protein dynamics and quantitative 
contribution of specific interactions to stability and catalysis. Rational engineering 
usually focuses on a local area of a protein such as an enzyme active site. This 
can be very effective since it reduces space for beneficial mutations. On the other 
hand, it may result in no improvement or even loss of activity as it overlooks 
global interactions and their effect on dynamics [84]. Nevertheless, the increasing 
amount of sequence information in protein databases and the rapidly developing 
computational tools continue to make enzyme engineering more efficient and there 
are numerous successful examples in the literature. Through rational engineering, 
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it was possible to improve enzyme properties such as the catalytic rate [85], the 
substrate scope [86–89] or solvent- and thermostability [90,91]. 
Rational engineering of xylose isomerase has been focused on the robustness 
of the enzyme for industrial HFCS production, ultimately to achieve more cost-
efficient use of the biocatalyst. For instance, since the thermodynamic equilibrium 
of glucose to fructose isomerization increases towards fructose with increasing 
temperature, xylose isomerase variants with high thermal resistance are 
desirable. Besides searching for a thermostable natural enzyme with a reasonable 
activity [92,93], it is also possible to increase the thermostability of an enzyme 
that already has high activity [94–96]. In order to prevent enzyme denaturation 
induced by glycation (covalent linkage formation between lysine residues and 
the substrate glucose) as well as encouraged by the notion that the Arg/Lys ratio 
is higher in thermostable proteins, Mrabet et al. substituted some lysines to 
arginines in XI from Actinoplanes missouriensis [95]. Indeed, the engineered XI 
showed improved thermostability both in the presence and absence of glucose. 
Substitution of a glycine to proline at the turn of a flexible loop located nearby the 
active site increased the thermostability of xylose isomerase from Streptomyces 
diastaticus [96]. A proline is present at the corres ponding position in xylose 
isomerases from thermostable organisms such as Thermus thermophilus.
Another engineering target to improve applicability of xylose isomerase 
in HFCS production is to increase the activity of the enzyme at lower pH. This 
prevents formation of impurities and the “browning effect” that occurs at 
alkaline pH. With a few exceptions of xylose isomerases which show optimum 
activity at slightly acidic pH [5,7,97,98], most xylose isomerases characterized 
so far, including PirXI, show a neutral to slightly basic pH optimum. The pH 
optimum of an enzyme can be changed through rational engineering. Several 
rational engineering studies have shown that removing a negative charge at a 
single position close to the active site can lower the pH optimum of the enzyme – 
mutations E186Q and D255N of XI from A. missouriensis lowered the pH optimum 
by more than 1 pH unit and D56N and E221A of XI from S. rubiginosus showed a 
pH optimum lowered by more than 0.5 unit [4,78,99]. 
The substrate specificity of xylose isomerase can also be changed through 
rational engineering. Substitutions at two active site residues (W137F/Y, V186T) 
of xylose isomerase from Clostridium thermosulfurogenes (positions Trp140 and 
Val187 in PirXI) created more space in the active site and provided additional 
hydrogen bonding and thereby switched the substrate preference from xylose to 
glucose, which is advantageous for HFCS production [100]. Mutations may be at 
some distance from the active site. The distant Q256D mutation (position Thr309 
in PirXI) in A. missouriensis XI caused an increased activity on l-arabinose while 
maintaining activity on glucose [12].
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Besides engineering the enzyme to change a certain property for application 
purposes, site-directed mutagenesis was performed in order to elucidate 
the mechanism of the enzyme and the role of specific residues, including the 
metal-binding groups [69,101–103]. The important roles of active site residues 
His105 and His272 (numbering in PirXI) for pyranose or furanose ring-opening 
and for metal-mediated hydride transfer, respectively were identified through 
mutagenesis study on E. coli and Streptomyces rubiginosus XI [69,101]. Through 
mutagenesis of the metal-binding residues of Streptomyces olivochromogenes 
XI, the role of each metal could be elucidated. The hexacoordinated metal M1 
is mainly involved in proper substrate binding and ring-opening, whereas the 
tetracoordinated metal M2, which is absent in a Glu180Lys mutant, catalyzes 
the hydride transfer [102]. Other near active site residues critical for the enzyme 
activity were probed in S. rubiginosus d-xylose isomerase. The ring-opened 
substrate is positioned in a pocket formed by Trp16 (PirXI Trp50), Trp137 (PirXI 
Trp189), Phe26 (PirXI Phe61), Phe94 (PirXI Phe146) and His54 (His102 in PirXI). 
His54 (PirXI His102) interacts with the xylose O5. His220 (PirXI His272) is located 
on the opposite side of the active site pocket and also seems involved in stabilizing 
the acyclic xylose, in agreement with the loss of activity upon replacement by 
site-directed mutagenesis [103,104]. 
Rational engineering of xylose isomerase for improved in vivo application 
is less straightforward compared to engineering enzyme variants for better 
performance in cell-free biocatalytic processes. As described in Chapter 2, xylose 
isomerase from Piromyces is well-expressed in yeast. It is possible to estimate 
the theoretical (expected) in vivo activity of the enzyme from the in vitro kinetic 
parameters and the cellular expression level. Such a calculation suggests that 
expressed PirXI should provide S. cerevisiae with sufficient activity to allow 
rapid growth on xylose. We have observed that the enzyme is also fairly stable 
showing an apparent TM between 50 – 70 °C (depending on the metal availability) 
and retaining the activity for prolonged periods at the fermentation temperature 
of 30 °C (unpublished data). Yet, the in vivo performance of the enzyme seems to 
be a limiting factor for xylose-supported growth of yeast cells, as indicated by the 
high expression level of the enzyme required, especially for growth under anoxic 
conditions [105,106]. The true in vivo activity is difficult to measure and predict 
due to the complexity of the cytoplasmic matrix. Furthermore, xylose isomerase 
has two metal binding sites which may bind various metals in vivo, with drastic 
effects on activity [77,105,107]. These issues make it difficult to define the kinetic 
and biochemical properties required for a certain growth rate. 
This complexity suggests that testing in vivo performance should be an early 
step in strategies aimed at improving xylose isomerase for application in ethanol 
fermentation. Although in directed evolution protocols both mutations near and 
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distant from the active site can improve activity of an enzyme, the design and 
use of small focused mutant libraries will benefit from reducing the search space 
to residues near the active site, since the chance that mutations have a positive 
effect is larger and the type of effect can be better predicted [108]. Consequently, 
fewer screening will be required to discover improved enzymes. However, the 
active site of xylose isomerase is highly conserved and sequence comparisons 
do not suggest obvious mutations (Figure 8). Most of the conserved residues near 
the active site are directly or indirectly involved in metal and substrate binding 
and the possibilities for introducing mutations at these residues are meagre. 
Instead, altering residues surrounding these conserved amino acids can possibly 
change the activity of the enzyme through subtle effects. Interestingly, class I 
and class II xylose isomerases show differences in conserved residues (Figure 
8 and Chapter 3, Figure 1) near the active site, which may suggest targets for 
mutagenesis based on class-specific enzyme properties. Changing the residues 
that are further away from the active site can also influence the activity of an 
enzyme by subtle structural changes or long-range interactions [108–110]. The 
distant mutations K355A and V144A improved the activity of xylose isomerase 
from thermophilic bacterium Thermus thermophilus at low temperature, making 
the enzyme a better candidate for in vivo application [111]. The mutations were 
designed by comparing the amino acid sequences of XI from thermophiles to 
mesophilic XIs and caused a decrease of the inter-subunit interactions. The 
reduced rigidity of the enzyme increased activity. 
Figure 8. Conservation of the active 
site of xylose isomerases (PDB 5NH7).
The sequences around the active site of 
124 xylose isomerases were analyzed. 
The amino acid residues that are within 
12 Å away from the C1 atom of xylose 
are shown. The fully conserved amino 
acid residues, including the metal 
binding residues which are conserved 
throughout all xylose isomerases, are 
depicted in orange color. The turquoise-
colored residues are conserved within 
class II enzymes. The non-conserved 
residues are shown in grey color. The 
substrate xylose and metal cofactor 
Mg2+ ions are shown in a yellow sticks 
and green spheres, respectively.
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Decreasing the pH optimum or increasing the activity of xylose isomerase at 
lower pH may also improve in vivo performance since the physiological pH of 
yeast cytoplasm during fermentation is slightly acidic [112–114]. In a previous 
study, Waltman et al. have shown that mutations D57N and N215D designed by 
structural inspection improved the catalytic efficiency of XI from S. rubiginosus 
at lower pH by decreasing the KM for the substrate [79]. Based on the hypothesis 
that the decrease in metal binding affinity at lower pH causes the low activity, 
the authors designed mutations around the metal binding residues in order to 
lower the pKa of the metal binding residues so that the metal binding at lower 
pH improves. The pH optima of xylose isomerases from different organisms 
may vary even among enzymes that are close homologs. For example, while the 
xylose isomerase from Streptomyces sp. SK shows a pH optimum of 6.0 – 6.5, the 
enzymes from S. flavogriseus and S. rubiginosus show a neutral and a slightly 
basic pH optimum, respectively [78,97,98,115]. The differences in biochemical 
properties despite the high overall sequence similarities suggests that identifying 
subtle sequence differences between XIs can still be useful for engineering the 
pH optimum.
Besides the above-mentioned approaches, several strategies such as changing 
the metal specificity or improving the substrate binding affinity can possibly be 
used to improve in vivo performance of xylose isomerase. What is as important 
as engineering the enzyme itself, is investigating if any introduced changes 
indeed have the desired in vivo effect. Conditions in the cell are very different 
from laboratory assay conditions, and expression and compartmentalization play 
a role only in vivo. There are some examples of rational enzyme engineering for 
improved in vivo application. Matsushika et al. changed the cofactor specificity of 
NAD+ dependent xylitol dehydrogenase from Pichia stipitis towards NADP+ in order 
to reduce xylitol production which is caused by cofactor imbalance in S. cerevisiae 
expressing XR-XDH during xylose fermentation [116]. In another study, engineering 
cofactor specificity of a glyceraldehyde 3-phosphate dehydrogenase from NAD+ to 
NADP+ improved production of lysine by Corynebacterium glutamicum [117]. 
To our knowledge, there were no rationally designed mutants of xylose 
isomerase that had been tested for their effects on xylose fermentation before we 
examined the in vivo performance of PirXI variants in this work (Chapter 3). Since 
it is uncertain which properties of the enzyme determine in vivo performance, 
rational engineering of xylose isomerase for this purpose is complicated. 
Uncertainties are due to the requirement of two metals, the metal promiscuity of 
the enzyme and the varying in vivo metal availability. In view of these challenges, 
an early validation of the in vivo effects of mutations which influence in vitro 
enzyme properties will be essential for engineering xylose isomerases with 
improved applicability in bioethanol production. 
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Directed evolution of an enzyme uses a natural selection-like strategy, where 
host cells expressing a library of randomly mutated enzyme-encoding genes are 
screened for the presence of variants with improved properties [118,119]. The 
advantages of directed evolution include that no structural information about the 
enzyme is required (although it may be used if available) and screening protocols 
can be adapted to ensure discovery of variants that perform better under specific 
conditions, including activity in vivo. After the initial idea of laboratory evolution 
was explored with RNA molecules [120], the concept of directed evolution has 
been applied to other biological molecules, including antibodies and enzymes 
[121]. The first practical success of evolving enzyme activity was presented by 
Chen et al. [122] where subtilisin E variants with a significantly improved activity 
in organic solvents were discovered.
Several molecular biology tools are available to generate genetic diversity. 
A classical method such as random mutagenesis by error-prone PCR is still 
frequently used. Other methods that can be considered are DNA shuffling and 
(combinatorial) site-saturation mutagenesis [123,124]. Advanced techniques 
in molecular biology may offer opportunities for even more creative methods 
for mutant library generation. Recently, Crook et al developed a continuous 
directed evolution method using the retrotransposon Ty1 replication system 
[125]. By integrating a gene of interest in the inducible Ty1 retrotransposon, 
taking advantage of the error-prone self-replication system, efficient in vivo 
mutant library generation and screening in S. cerevisiae could be performed 
simultaneously. Random mutagenesis methods require balancing between a 
high mutation frequency, which increases genetic diversity in the library, and 
a restricted mutation load, which is needed to avoid loss of library quality by 
introduction of lethal mutations. 
If detailed information on the enzyme is available, so-called smart libraries can 
be created by constraining the mutational space to the most relevant positions of a 
protein and/or by limiting the diversity in the set of amino acids that is introduced 
at target positions. In order to incorporate only a subset of the 20 proteinogenic 
amino acids, partially undefined codons can be used when designing primers. 
Furthermore, mutations at several specific residues in different combinations 
can easily be incorporated using efficient cloning methods such as Golden-gate 
cloning or Gibson assembly [126,127]. The use of computational methods can 
further improve the quality of mutant libraries by removing potentially lethal 
mutations. 
Screening of the library can be performed in vitro or in vivo. In the former case, 
the screening does not include effects of mutations on the fitness or viability of 
the host cells. Cells can be used as platforms to display or immobilize enzyme 
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variants such as with the yeast surface display method [128,129]. Very often, cells 
are used as an expression host and are lysed in the screening process, followed 
by activity measurement with cell-free extract or purified enzymes [130]. Directed 
evolution with in vivo screening resembles the process of Darwinian’s evolution 
in the sense that variants with beneficial properties are enriched in subsequent 
cycles of mutagenesis and selection. 
The most frequently used host organisms for directed evolution of enzymes 
are the prokaryote E. coli and the eukaryote S. cerevisiae [131]. Multiple tools for 
recombinant protein expression and molecular genetics are available for these 
hosts, and they can be used for industrial production of enzymes or metabolites 
as well. Efficient biosynthesis or metabolism of specific compounds often 
requires metabolic pathway engineering in combination with directed evolution 
of key enzymes in that pathway. Directed evolution and testing for improved in 
vivo performance can be performed either in two different organisms [132] or in 
the same organism. In the latter case, complications due to possible divergent 
effects of mutations in different host organisms are avoided, making the directed 
evolution process more efficient.  
There are several successful examples of in vivo screening of enzyme 
libraries in organisms that are also used for the final application. For example, 
Umeno et al. improved the biosynthesis of previously undiscovered long chain 
carotenoid backbones in E. coli by directed evolution of a carotenoid synthase 
[133]. In another study, production of 1-propanol and 1-butanol in E. coli was 
improved by 9- to 22-fold through directed evolution of citramalate synthase 
from Methanococcus jannashii [134]. Screening of enzyme libraries using S. 
cerevisiae for improved ethanol production is also a good example. Through in 
vivo screening using S. cerevisiae, Li et al. discovered a sugar transporter variant 
with decreased inhibition of xylose uptake by glucose, thereby improving xylose/
glucose co-transport [135]. 
Directed evolution has also been applied to xylose isomerase expressed in 
S. cerevisiae in order to optimize the xylose fermentation process. Screening a 
random mutant library generated by error-prone PCR revealed xylose isomerase 
variants from Thermus thermophilus with improved activity at lower temperatures 
[38]. This provided the possibility to use this thermophilic enzyme for xylose 
fermentation, which is performed at a temperature 30 – 40 °C. However, in this 
study mutants were identified by in vitro activity screening after expression in 
E. coli. Whether this improves xylose fermentation needs to be seen since in 
vitro assay condition used for selection might be irrelevant for in vivo enzyme 
performance. 
From an application point of view, in vivo screening of enzyme libraries to 
discover variants that improve biofuel production is preferably carried out using 
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S. cerevisiae instead of E. coli. Since xylose isomerase activity is limiting the 
rate of growth of S. cerevisiae on xylose, differences in growth properties can 
be used for the selection of improved XI variants. Hou et al. discovered a variant 
of a xylose isomerase originating from the bovine rumen metagenome that 
improved xylose utilization by S. cerevisiae through growth-based screening of a 
randomly generated mutant library [63]. Some improved PirXI variants were also 
discovered through in vivo screening. By iterative rounds of library generation by 
error prone PCR and enrichment of fast-growing variants, Lee et al discovered a 
PirXI variant carrying two mutations (E15D+T142S) which significantly improved 
the growth rate of S. cerevisiae on xylose [42]. More recently, Katahira et al 
discovered that several mutations of residue Asn337 in the XI from a protists 
residing in the Reticulitermes speratus (Asn338 in the PirXI sequence), especially 
N338C, improved xylose consumption by S. cerevisiae [57]. This mutation was 
also effective when introduced in related xylose isomerases from different 
organisms, including XI from Piromyces [57]. This discovery was achieved by 
transforming S. cerevisiae with the protists XI library generated by error-prone 
PCR and selecting for fast-growing colonies on xylose medium. As described in 
Chapter 5, we explored similar in vivo screening approaches in order to discover 
improved PirXI variants. Instead of the randomized library generation method 
used in the above studies, we constructed focused libraries taking advantage of 
the structural and biochemical data we obtained. 
Several studies including ours described in Chapter 5 [42,57,107,136] have 
shown that engineering XI can improve growth of S. cerevisiae on xylose, which 
proves the hypothesis that the in vivo performance of XI is a limiting factor 
for efficient xylose fermentation. The in vivo enzyme performance is indeed 
reflected in the growth rate and/or ethanol yield. It should be noted that among 
studies comparing the performance of different xylose isomerases or XI variants 
in a xylose fermentation system, factors such as strain background and growth 
conditions often are different. This may affect the outcome of such comparisons. 
For example, the strain used in our study includes more genetic modifications 
opted for xylose growth (overexpression of TAL1, RKI1, RPE1, XKS1) compared 
to the strain used by Lee et al [42]. Seike et al. pursued their study using rich 
media and found a higher growth rate [136], but nutrient-poor mineral medium 
was used in our work. Furthermore, inoculum densities of cultures and initial CO2 
concentrations can influence the lag phase in growth experiments, as well as the 
final cell density [137].   
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SCOPE OF THE THESIS 
The work reviewed above indicates that yeast xylose metabolism can be 
improved by optimizing xylose isomerase activity, which can be achieved by 
directed evolution or by introducing a better performing enzyme from nature’s 
biodiversity. Directed evolution seems to be a particularly useful tool for this 
purpose although it remains unclear which biochemical properties of xylose 
isomerase variants govern enhanced xylose fermentation rates observed in 
previous work. Furthermore, whereas error prone PCR and similar random 
mutagenesis methods can explore a wide diversity, structural information 
has not been used in attempts to improve xylose isomerase, in part because 
crystal structures are lacking for the Piromyces xylose isomerase, which so far 
is probably the most attractive enzyme for xylose isomerization. Another largely 
unexplored issue is the role of metal availability and incorporation on the xylose 
isomerase activity, which we assumed to be of considerable importance because 
metal loading of heterologously expressed xylose isomerases may well be 
incomplete or problematic due to misloading. The work reported in this thesis 
aims to address these issues by exploring enzyme properties and mutations 
around the metal binding sites that influence xylose metabolism by S. cerevisiae. 
Therefore, we investigated wild-type and engineered variants of the Piromyces 
xylose isomerase (PirXI), with a focus on metal-dependence of activity and the 
effect of near active site mutations.
First, we investigated the kinetic properties, metal-dependence and structural 
properties of the wild-type PirXI enzyme in order to enable structure-based 
engineering of the active site region. Chapter 2 describes the purification of 
PirXI, as well as kinetic data and crystal structures of the protein with different 
metals bound. Through kinetic measurements, we explored the effect of different 
metals on activity and sought to understand how metal binding and selectivity 
influence in vivo performance of the enzyme. Crystal structures with various 
metals suggested that manganese gives the highest catalytic activity and shows 
the highest binding affinity.
Using the structural information, we aimed to explore the use of structure-based 
protein engineering to find PirXI mutants that improve growth of S. cerevisiae on 
xylose. Both structure-based engineering of the pH optimum and bioinformatics-
inspired mutagenesis to enhance activity were explored. Accordingly, Chapter 
3 describes the design and construction PirXI mutants and the use of different 
screening strategies. High-throughput expression and purification methods 
using 96-well plate assays are used to analyze a large number of variants. This 
chapter further explores the effect of different mutant properties on growth of S. 
cerevisiae on xylose. 
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In Chapter 4, we describe the importance of in vivo metal composition on xylose 
isomerase performance and growth of S. cerevisiae cells. During laboratory 
evolution of yeast strains that more rapidly ferment xylose to ethanol, it was 
discovered by our collaborators at TU Delft that mutations that disturb metal 
homeostasis in S. cerevisiae by influencing a metal transporter have a positive 
effect on growth of on xylose. The properties of xylose isomerase that we isolated 
from such a mutant strain and its metal content indeed suggested an effect of 
metal loading on XI activity. The enhanced manganese content of the cells and of 
their PirXI caused improved xylose conversion kinetics.
In Chapter 5, a structure-based directed evolutional approach for PirXI 
engineering is explored. Using the biochemical and structural information of 
the enzyme described in Chapter 2, we designed focused semi-rational libraries. 
Libraries were made in the laboratory by oligonucleotide-assisted semi-random 
localized mutagenesis. We explored two different in vivo screening methods, 
both based on growth of transformed S. cerevisiae on xylose. This work indeed 
resulted in the discovery of improved PirXI variants. The properties of the 
selected variants are presented, which indicated only very minor changes in 
kinetic properties. Which biochemical or physiological changes are responsible 
for the improved growth induced by these mutants remains enigmatic. However, 
growth experiments convincingly showed significant and reproducible positive 
effects on xylose metabolism.
Chapter 6 summarizes the progress in improving PirXI for xylose fermentation 
starting from enzyme characterization to engineering of the enzyme. Future 
directions on engineering of PirXI as well as other enzymes involved in xylose 
metabolism for optimizing ethanol production processes are suggested.
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Xylose isomerase from Piromyces sp. E2 (PirXI) can be used to equip 
Saccharomyces cerevisiae with the capacity to ferment xylose to ethanol. The 
biochemical properties and structure of the enzyme have not been described even 
though its metal content, catalytic parameters, and expression level are critical for 
rapid xylose utilization. We have isolated the enzyme after high-level expression 
in Escherichia coli, analyzed the metal dependence of its catalytic properties, and 
determined 12 crystal structures in the presence of different metals, substrates, 
and substrate analogues. The activity assays revealed that various bivalent 
metals can activate PirXI for xylose isomerization. Among these metals, Mn2+ 
is the most favorable for catalytic activity. Furthermore, the enzyme shows the 
highest affinity for Mn2+, which was established by measuring the activation 
constants (Kact) for different metals. Metal analysis of the purified enzyme 
showed that in vivo the enzyme binds a mixture of metals that is determined by 
metal availability as well as affinity, indicating that the native metal composition 
can influence activity. The crystal structures show the presence of an active site 
similar to that of other xylose isomerases, with a d-xylose binding site containing 
two tryptophans and a catalytic histidine, as well as two metal binding sites that 
are formed by carboxylate groups of conserved aspartates and glutamates. The 
binding positions and conformations of the metal coordinating residues varied 
slightly for different metals, which is hypothesized to contribute to the observed 
metal-dependence of the isomerase activity. 
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2
METAL DEPENDENCE OF XYLOSE ISOMERASE FROM PIROMYCES SP. E2 EXPLORED BY ACTIVITY PROFILING AND PROTEIN CRYSTALLOGRAPHY
INTRODUCTION 
Cost-effective production of second-generation bioethanol requires maximal 
utilization of sugars present in cellulosic biomass, because raw materials account 
for about one-third of the overall production cost [1]. Besides d-glucose, the most 
abundant monosaccharide in lignocellulose and hemicellulose is d-xylose, and 
fermentation of xylose along with glucose would significantly increase the total 
ethanol yield [2]. For such simultaneous fermentation of glucose and xylose, 
Saccharomyces cerevisiae would be a particularly attractive organism as it is 
an established ethanol producer that is not very vulnerable to inhibitors present 
in cellulose hydrolysates and shows relatively high tolerance to extracellular 
ethanol [1]. However, natural strains of S. cerevisiae do not metabolize xylose, 
which is due to its inability to convert d-xylose to d-xylulose, an aldose to ketose 
isomerization reaction. Since d-xylulose can be metabolized, research has been 
devoted to engineer yeast variants that express a heterologous xylose isomerase 
for catalyzing this reaction [3–6]. Alternatively, xylose isomerization can be 
achieved by incorporating both a xylose reductase and a xylitol dehydrogenase 
[7] although this is not preferred since it could cause a cellular cofactor imbalance 
[8,9]. Because xylose isomerase only requires metal cofactors, it offers the 
most attractive solution. Furthermore, the use of an isomerase rather than 
dehydrogenases prevents the formation of xylitol, which may emerge as an 
unwanted side product [10]. 
Xylose isomerases and related glucose isomerases have been studied for 
decades because of their application as glucose isomerases in the production of 
high-fructose corn  syrups from starch hydrolysates [11]. The use of the enzymes 
in ethanol producing yeasts has been more recent. Isomerases from different 
bacterial sources including E. coli, A. missouriensis, S. rubiginosus, B. subtilis, C. 
thermosulfurogenes have been tested but functional expression in S. cerevisiae 
appeared problematic [12–15]. Xylose isomerase from Thermus thermophilus was 
functionally expressed in S. cerevisiae, but the enzyme from this thermophilic 
organism showed very low activity at 30 °C [16]. 
The first eukaryotic XI gene that could be well expressed in active form in S. 
cerevisiae was obtained from the anaerobic fungus Piromyces sp. E2 (PirXI) and 
its expression in S. cerevisiae enabled xylose fermentation to ethanol [5,17,18]. 
Although later a few xylose isomerases from other sources were also expressed 
in S. cerevisiae [3,4,6,19,20], xylose-based growth rates and ethanol production 
levels do not exceed those found for the S. cerevisiae expressing XI from 
Piromyces sp. E2 [18]. A further improved S. cerevisiae strain equipped with PirXI 
indeed showed high ethanol production yields, reaching almost the theoretical 
level, and the use of xylose isomerase appears preferable over the combination 
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of a xylose reductase and a xylitol dehydrogenase allowing isomerization via 
xylitol [10,20].  
In spite of these promising achievements, there is significant room for 
improving anaerobic metabolism of xylose. Engineering of the strain by 
overexpressing the non-oxidative pentose phosphate pathway enzymes may 
enhance the growth rate [20,21]. Evolutionary optimization can also improve the 
rate of xylose consumption [22,23]. In such improved S. cerevisiae strains, a very 
high expression level of PirXI is still required for growth on xylose, especially 
for anaerobic metabolism, and in such evolved strains PirXI may be the major 
intracellular protein (unpublished data). This must be an energetic burden to the 
cells, and also indicates that xylose isomerization still is the rate-limiting step in 
engineered strains that have lower expression levels of xylose isomerase. No 
detectable accumulation of the product xylulose in an anaerobic culture of an 
engineered and PirXI-expressing strain growing on xylose was found, further 
suggesting that PirXI activity is limiting xylose metabolism [21]. Therefore, 
engineering of PirXI to enhance its activity will further improve xylose utilization. 
A directed evolution study using error-prone PCR showed that an engineered 
xylose isomerase could enhance the growth of S. cerevisiae on xylose [24]. 
Further progress and more focused engineering of the enzyme are hampered by 
the lack of a description of the biochemical properties of PirXI and the absence of 
structural information. 
Xylose isomerases are tetrameric enzymes which require two bivalent metals 
for catalyzing isomerization of the aldose d-xylose to the ketose d-xylulose (Figure 
1). One of them (M1) is often described as the structural metal as it is involved in 
the proper binding of the substrate and the other (M2) as the catalytic metal as it 
is critical for the isomerization reaction [30]. The activity of xylose isomerase is 
reported to be influenced by the type of metal that is bound. For example, Mg2+, 
Co2+ and Mn2+ are known to be activators and Ni2+, Cu2+, Zn2+, Ca2+ and Fe2+ mostly 
act as inhibitors [26,29,31,32]. Although the active sites of xylose isomerases 
are highly conserved, the metal preferences of the enzymes vary. Some XIs 
seems to be most active with Mg2+ while others show the highest activity with 
Mn2+ [31,33,34]. The importance of metal dependence for in vivo conversion of 
d-xylose was recently discovered in a study showing that mutations influencing 
metal homeostasis through inactivation of the PMR1 gene increase the relative 
Mn2+ content of S. cerevisiae cells and of the expressed PirXI [35]. 
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Figure 1. Proposed mechanism of d-xylose conversion to d-xylulose [25,26]. The close ring form 
of xylose is linearized by the His102/Asp105 pair with Nε2 acting as a hydrogen bond donor to O5 
of the sugar ring. The proton abstraction at O1, which is required for the ring opening, is proposed 
to occur by the neutral form of His102 [27–29] or by a nearby lysin residue Lys342 [26]. Upon 
linearization of the sugar, the catalytic metal moves from position M2a to position M2b where it 
coordinates with O1 and O2 of the sugar. O1 is protonated by the M2-bound water molecule and 
O2 is deprotonated by the nearby Asp340 [26]. Subsequently, a hydride shifts from C2 to C1 and 
d-xylulose is formed by ring closure. 
XIs can be divided into two structural types, i.e. Class I and Class II enzymes. 
The major difference between the two classes is an N-terminal extension in 
Class II xylose isomerases. From sequence analysis, the PirXI enzyme explored 
here appears to be a Class II xylose isomerase. Currently, only a few Class II 
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XI structures are available, [36] and these have no bound substrates, unlike 
structures for Class I XIs which have been obtained with different ligands.
In this study, we describe the catalytic properties of PirXI expressed in E. coli. 
We also examined the metal specificity of the enzyme by measuring catalytic 
activities and affinities with a range of different metals that might be present 
in cytosol of S. cerevisiae during the fermentation process. Furthermore, we 
report several structures of the Class II XI from Piromyces, determined by X-ray 
crystallography, with various combinations of metals (Mg2+, Mn2+, Co2+, Fe2+, Ca2+, 
Ni2+, Cd2+) and substrate (xylose), product (xylulose) or inhibitor (xylitol, sorbitol). 
The results indicate that small differences in metal-protein interactions influence 
the position and reactivity of bound metals.
RESULTS
Expression of PirXI in E. coli and enzyme isolation
To obtain overexpression of the Piromyces sp. E2 xylose isomerase (PirXI) in E. 
coli, a codon-optimized synthetic xylA gene was cloned into the pBAD vector 
and transformed to E. coli Top10. Overnight cultivation at 37 °C with induction 
of expression of PirXI by 0.2 % arabinose resulted in high levels of soluble 
PirXI. Sodium dodecyl sulfate−polyacrylamide gel electrophoresis (SDS−PAGE) 
analysis showed that PirXI is the predominant protein in cell lysates, accounting 
for >50 % of the total soluble protein. This allowed purification by a single step of 
ion-exchange chromatography, which after desalting routinely yielded 300 – 500 
mg purified xylose isomerase per liter of culture. From this material, apoenzyme 
was prepared by treatment with EDTA for studying the metal-dependence of the 
isomerase activity. SDS-PAGE showed that the size of the protein monomer is 
around 50 kDa, which is in good agreement with the calculated size of the protein, 
49.5 kDa. Analytical size exclusion chromatography revealed a molecular weight 
of ~200 kDa for the native PirXI, showing that the enzyme is a tetramer.  
Metal dependence of PirXI activity
Because xylose and glucose isomerases require bivalent metals for activity [37] 
and the type of metal that is bound may influence activity [31], we examined the 
effect of different metal ions on the activity of PirXI. Kinetic parameters of apo-PirXI 
in the presence of Mg2+, Mn2+, Co2+ or Ca2+ were measured using the SDH-coupled 
assay as described in the Materials and Methods. PirXI showed good activity in 
the presence of Mg2+, Co2+ and Mn2+ (Table 1). Among these metals, the highest 
activity (kcat) of the enzyme was obtained with Mn
2+, followed by Mg2+ and Co2+. The 
substrate affinity with xylose (KM) on the other hand was best in the presence of 
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Co2+, which gave a KM of 0.3 mM and also the highest catalytic efficiency (kcat/KM). 
In the presence of Mn2+ or Mg2+ the KM of the enzyme was 15-20-fold higher. This 
metal preference of PirXI is similar to what was described for other Class II XIs, 
which were reported to be most active with Mn2+, whereas the Class I enzymes are 
most active with Mg2+ [31,33,34]. When Ca2+ was added as the metal cofactor of 
PirXI, the enzyme showed activity although it was lower than with the other metals 
mentioned above. A striking observation was the extremely low xylose affinity 
(KM ~ 2 M) in the presence of Ca
2+, resulting in a poor catalytic efficiency (kcat/KM = 
0.2 s-1·M-1). The low substrate affinity suggests that Ca2+- containing enzyme will 
provide a negligible contribution to in vivo conversion of xylose by PirXI.
Further assays for determining the metal-dependence of PirXI activity were 
performed using an HPLC assay for measuring xylulose formation because 
the SDH-coupled assay is not compatible with the presence of Zn2+, Fe2+, Cd2+, 
Ni2+ and Al3+ as these metals inhibit SDH activity. Furthermore, in the case of 
Fe2+-dependent activity, the reactions were performed under reduced oxygen 
conditions to prevent oxidation of Fe2+ to Fe3+. In these experiments, we measured 
initial conversion rates (units per milligram) of xylose that was added to a final 
concentration of 200 mM. PirXI showed activity in d-xylose isomerization in 
the presence of Zn2+, Fe2+ and Cd2+. The rate of xylose conversion with Zn2+ was 
almost half of that measured with Mg2+.  Furthermore, Fe2+ gave moderate activity 
compared to the other metals. Unexpectedly, the enzyme also showed some 
activity in the presence of Cd2+ which was reported to be an inhibitor of another 
xylose isomerase [26]. However, the activity (0.2 unit/mg) was very low. No 
detectable amount of xylulose (< 50 µM) was found with Ni2+ or Al3+ as the metal 
cofactor upon measurement after incubation of the reaction mixture for 2 h.   
Metal affinity of PirXI 
The above results show that PirXI can be activated by a range of different bivalent 
metal ions. Obviously, the activity in vivo will also be determined by metal affinity 
and metal availability in the cytoplasmic environment. Therefore, we investigated 
the activity of PirXI on xylose in the presence of different concentrations of 
divalent metals, and determined half-saturation constants for activation of the 
enzyme [Kact values, (Table 1)]. Of the metals tested (Mg
2+, Mn2+, Co2+, Ca2+) the 
highest affinity was found with Mn2+. The enzyme also showed a high affinity 
towards cobalt, but the affinities for Mg2+ and Ca2+ were 70- and 100-fold lower 
compared to that of Mn2+, respectively. 
Analysis by inductively-coupled plasma atomic emission spectroscopy showed 
that the main divalent metal in native PirXI isolated from E. coli is Mg2+, which 
accounted for approximately half of the total metal content (Table 2). Ca2+ and 
Fe2+ were also detected, whereas the enzyme contained only a few percent (moles 
547288-L-bw-Lee
Processed on: 21-8-2020 PDF page: 44
44
CHAPTER 2
per mole) of Mn2+ and Zn2+. This indicates that Mg2+ would strongly influence the 
in vivo enzyme activity in E. coli, while Mn2+ ions which are most beneficial for 
activity would have little influence. In agreement with this, the native enzyme 
isolated from E. coli showed activity similar to that of enzyme reconstituted with 
Mg2+ or even slightly lower activity, probably due to the effect of Ca2+ and Fe2+. 
The metal composition and the activity of the enzyme are slightly different from 
one batch of isolated enzyme to another (WT1 – 3). The data also suggest that 
intracellular metal availability influences the metal composition of the enzyme 
(Mg > Ca > Mn > Co) as much as the relative affinities (Mn > Co > Mg > Ca). 
Accordingly, in vivo, the enzyme may have suboptimal activity due to the level 
and type of metal binding. Recently, Verhoeven et al. [35] showed that the 
increase in the intracellular Mn2+ level improved growth of S. cerevisiae on xylose 
by enhancing PirXI activity. 
pH dependence of PirXI activity
The cytosolic pH of S. cerevisiae during the fermentation process is below 7.0, 
possibly due to the influence of acidic lignocellulose hydrolysate [38,39]. We 
measured the activity of PirXI at different pH values ranging from 5.5 to 7.5 in 
the presence Mg2+, Mn2+, Ca2+ or Co2+ (Figure 2). Because of the high KM of the 
enzyme in the presence of Ca2+, the activity was measured at higher xylose 
concentration, 1 M instead of 150 mM. With Mg2+, Mn2+ and Ca2+ the results show 
a similar broad pH profile, with the highest activity at pH 7.5, and a significantly 
reduced activity at pH 6.5. The lower activity at low pH was more pronounced for 
Mg2+, the quantitatively most important cation in the non-reconstituted enzyme. 
The activity of the Co2+-reconstituted PirXI was much less dependent on the pH 
in the range of 5.5 - 7.5. 
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Table 1. Metal-dependence of PirXI activity a.
substrate Cation V (200 mM) (s-1) kcat (s
-1) KM (mM) kcat/KM (s
-1·M-1) Kact 
c (µM)
xylose Mg2+ 1.95 ± 0.12b 2.0 ± 0.1 7.5 ± 1.2 270 98.9 ± 4.3
xylose Mn2+ 4.4 ± 0.42b 4.5 ± 0.3 4.3 ± 0.1 1100 1.45 ± 0.28
xylose Ca2+ 0.075 ± 0.017b 0.8 ± 0.1 1930 ± 70 0.2 159 ± 10
xylose Co2+ 1.0 ± 0.14b 1.0 ± 0.1 0.3 ± 0.04 3300 6.5 ± 1.21
glucose Mg2+ 0.032 ± 0.005b 0.1 ± 0.01 430 ± 10 0.2 -
xylose Zn2+ 1.1 ± 0.1 - - - -
xylose Fe2+ 1.6 ± 0.2 - - - -
xylose Cd2+ 0.2 ± 0.01 - - - -
xylose Ni2+ n.d.d - - - -
xylose Al3+ n.d.d - - - -
a The values represent averages and the mean deviation calculated from two or three replicates.
b Initial rates at 200 mM substrate were calculated from steady state parameters. 
c Kact is defined as the metal concentration at which the enzyme activity is half the Vmax. 
d No activity detected with the HPLC assay described in the Materials and Methods.
Table 2. Metal content of PirXI purified from E. coli a.
mol metal/mol PirXI nXI activity
Ca Fe Mg Zn Co Mn kobs (s
-1)
WT1 0.59 0.35 1 0.03 <b 0.01 1.9 ± 0.1
WT2 0.7 0.4 0.93 0.03 <b 0.01 1.7 ± 0.03
WT3 0.56 0.36 1.28 0.02 <b 0.02 2.1 ± 0.06
a Metal content of PirXI purified from E. coli was measured, and moles of metal per mole of the 
enzyme monomer were calculated. WT1 - WT3 represent the enzyme purified from three independent 
cultures.  The activities of the holoenzymes were measured with 150 mM xylose. The indicated kobs 
values are averages and mean deviations of duplicate measurements.   
b <, Below detection limit (< 0.002 mol/mol PirXI). 
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Figure 2. pH-activity profile of PirXI in the presence of different metal cofactors. Specific 
activities (µmol·min-1·mg-1) of PirXI on xylose (150 mM for Mg2+, Mn2+ and Co2+ and 1 M for Ca2+) 
were measured at various pH in the presence of different metal ion cofactors. The error bars 
indicate the mean deviation of duplicate measurements. 
Crystal structure of PirXI
PirXI isolated from E. coli readily crystallized from PEG3350 at pH 7.  The structure 
was determined by using X-ray diffraction and molecular replacement, and was 
refined against 1.8 Å resolution diffraction data to an R-factor of 0.116 (Rfree = 
0.148) with good stereochemistry (Table 4, Figure 3A). The P1 unit cell contains 
four monomers that form a tetramer of 92 x 77 x 77 Å, having non-crystallographic 
222 symmetry. The four subunits have root mean square deviation values of 0.11 
- 0.16 Å on Cα atoms. Each PirXI subunit comprises two structural domains, a 
larger catalytic domain (residues 1 to 377) with a distorted (ß/α)8-barrel (TIM-
barrel) fold, and a C-terminal domain (residues 378-437) forming an extended tail 
containing three α-helices.
With other Class II xylose isomerases having PDB codes 4XKM (Bacteroides 
thetaiotaomicron)[36], 1A0C (Thermoanaerobacterium thermosulfurigenes), 
1A0D (Bacillus stearothermophilus) and 1A0E (Thermotoga neapolitana) rmsd 
values are 0.4 Å on 435 Cα atoms, 1.2 Å on 430 Cα atoms, 1.1 Å on 425 Cα atoms 
and 1.2 Å on 422 Cα atoms, respectively, while with the well-studied Streptomyces 
rubiginosus Class I enzyme the rmsd is 2.0 Å on 352 Cα atoms and 27% sequence 
identity.  Major differences between the Class I S. rubiginosus XI and the Class 
II PirXI are the presence in the latter enzyme of an N-terminal extension of ~33 
residues, an N-terminal addition of α-helix 1 and a larger loop before α-helix 2. 
Furthermore, the C-terminal regions deviate the most with low identity, except 
for the ultimate α-helix 12 (Figure S1).
A pair of subunits forms the ‘yin-yang’ dimer with rotational symmetry by 
contacts of the catalytic domain of subunit A interacting with the C-terminal tail 
of subunit B, while the core of subunit B is interacting with the C-terminal tail of 
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A (Figure 3B). The other dimer pairs are called the ‘butterfly’ dimer (Figure 3C) 
and the ‘diagonal’ dimer (Figure 3D). The tetramer has a surface area of 53920 Å2 
of which 36840 Å2 is buried. Each subunit has a total solvent accessible area of 
21100 Å2 of which 8110 Å2 is buried. The interactions in the yin-yang and diagonal 
dimers are mainly present between the N- and C-terminal tails of the subunits, 
while the butterfly dimer has interactions between the cores of the subunits.
The sizes of the interface areas are similar in other class II xylose isomerases 
of which the structure is determined (PDB entries 4XKM, 1A0C, 1A0D and 1A0E) 
(Table 3). However, the xylose isomerase from S. rubiginosus, the most studied 
Class I XI in the PDB database, has a larger interface for the yin-yang dimer (4670 
Å2) and a smaller interface for the diagonal dimer (1460 Å2) as it is missing the 
N-terminal extension of the Class II enzymes. Class II enzymes, having larger 
dimer interfaces and interactions to the other subunit, should be regarded as 
tetramers unlike Class I enzymes which are usually described as a dimer of 
dimers.[36]  
Figure 3. Overall crystal structure of PirXI. PirXI is displayed in cartoon format and subunits B - D 
are colored in pink, cyan and orange, respectively. The catalytic domain of subunit A is colored in 
green, the N-terminal extension in dark blue and the C-terminal domain in red. Ions in M1 position 
are depicted in orange. (A) Tetramer and possible dimer pairs in (B) yin-yang dimer (subunits A 
and B), (C) butterfly dimer (subunits A and C) and (D) diagonal dimer (subunits A and D). 




no. of H-bonds/salt 
bridges
tetramer ABCD
yin-yang AB and CD 4050 0.505 51 / 28
butterfly AC and BD 1395 0.210 22 / 12
diagonal AD and BC 1823 0.233 27 / 14
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The active sites of the PirXI subunits are located on the C-terminal end of the 
(ß/α)8-barrel of the core domain. The active sites are 36 Å in yin-yang, 31 Å in 
butterfly and 39 Å apart in diagonal dimers. Residues from the loops following 
the ß-strands shape the active site. The active site pocket is lined by the side 
chain indole groups from Trp50 and Trp189 which are situated 8.8 Å away from 
each other forming a cassette for sugar binding (Figure 4A, B). Other hydrophobic 
residues surrounding the substrate binding site are Phe61 from another subunit 
of the butterfly dimer, Phe146 and Trp140. 
In the crystals obtained with native PirXI isolated from E. coli, only the position 
of the structural metal (M1) in the active site is occupied. Residues Glu233, Glu269, 
Asp297 and Asp340 bind M1 with octahedral geometry (Figure 4A). The nature of 
the metal ion was unclear from the structure as a mixture of different metal may 
bind. The observed metal-donor distances were 2.1-2.2Å. The optimal distance 
for Ca2+ is 2.36Å, for Mg2+ 2.26Å and for Fe2+ it is 2.01Å to monodentate Asp or Glu 
[40]. An anomalous difference map showed a peak at the M1 position indicating 
a bound Ca2+ or Fe2+ ion. Refining with a Ca2+ ion with full occupancy showed 
residual Fo - Fc density and distances that were too short, while refining with 
100% Fe2+ showed deficit density and distances that were too long. Therefore, M1 
was refined to occupancies of 0.4, 0.35 and 0.25 for Ca, Mg and Fe, respectively, 
which gave a flat Fo-Fc map after refinement. The ambiguous metal ion content 
has also been observed in native crystals of S. rubiginosus with 0.6 equiv of Mn, 
< 0.6 equiv of Mg and < 0.1 equiv of Co per monomer [41]. In this PirXI structure, 
a glycerol molecule from the cryoprotectant is bound in the active site to the 
metal ion with a Me-O2 distance of 2.3 Å and a Me-O3 distance of 2.4 Å. Glycerol, 
acting as a sugar mimic, is often found in active sites of carbohydrate-converting 
enzymes [42].
The crystal structure obtained with EDTA-treated XI is highly similar to the 
native structure with an rmsd of 0.1Å. As expected, this apo enzyme does not 
contain any metals in the active site, but a glycerol molecule is bound as in the 
native enzyme. A water molecule is located at position M1; consequently, O3 of 
the glycerol has shifted 1.4 Å toward His272 (Figure 4B). To determine if and how 
other metals bind to PirXI, crystal soaks were performed. Several structures of 
binary and ternary complexes of PirXI with metals, substrates and inhibitors were 
determined (Table 4 and Table S1).
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Figure 4. Active site of native XI (A) and apo-XI (B). The residues forming the active site are shown 
as green sticks. The His102-Asp105 pair, F61’ from another subunit and the glycerol molecule 
are colored salmon, cyan and yellow, respectively. Other molecules are colored as follow: water 
molecules - red, Ca2+ - green, Mg2+ - light green and Fe2+ - brown balls. Fe2+ is only slightly visible 
due to the overlapped position with Mg2+. 
Mg, xylose and xylitol binding 
In electron density maps of crystals of apoenzyme soaked with magnesium and 
glycerol or with magnesium and the competitive inhibitor (or substrate analogue) 
xylitol [31], only a single Mg2+ ion at the M1 site was observed (Figure 5A, B). There 
was no 2Fo - Fc density present for the Mg2+ ion at the M2 position, despite the 
presence of Mg2+ in the soak solution at 10 mM (Figure S2). Glycerol was bound 
similar as in the native PirXI crystals. The position of xylitol was overlapping with 
that of the glycerol molecule in the Mg-glycerol structure, but the larger xylitol 
molecule bound deeper in the active site toward the putative M2 position. Xylitol 
was bound with its O1 to NE2 of His272 and a water molecule, O2 to Glu233, 
Glu269, Asp340 and M1 (Mg
2+), O3 to Asp340 and a water molecule, O4 to Glu233 
(bidentate), Asp297, Asp340 and M1, and O5 to NE2 of His102 and a water molecule 
(Figure 5B). His102 is likely involved in pyranose ring opening [26,43]. 
Only when a soak was performed with magnesium and the substrate d-xylose 
the second metal site (M2) was fully occupied with elongated (elliptical) electron 
density, showing two distinct positions for the metal, with approximately 50/50 
occupancy, at distances of 3.8 Å (M2b) and 5.5 Å (M2a) from M1 (Figure 5C). It 
has been elucidated by structural studies, including neutron diffraction, that the 
hydride shift of the isomerization reaction is mediated by the metal at M2 [25–
27,44]. 
In the Mg-xylose structure, the substrate is in its open form in the same 
conformation as xylitol, indicating ring opening has been completed. At the 
current resolution of the datasets (1.9 Å) it is not possible to distinguish between 
the linear forms of substrate and product by electron density, and probably a 
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mixture of both is bound. The open-chain forms are similar in shape, and 
differences exist at the C1 and C2 carbons, having sp2 or sp3 hybridization. 
Because all soaks were performed with a high concentration (2.2 M) of substrate 
and the rate-limiting step in the catalytic cycle was proposed to be the hydride-
shift reaction [29,45], we have modeled the substrate used in the soak. The xylose 
stacks on the ring system of Trp189, which probably ensures a flat conformation 
of the substrate (Figure 5C). The M2b metal has interactions with O1 and O2 of 
the xylose, NE2 of His272, Glu269 (bidentate) and a water molecule. The metal 
at M2b is in the catalytically more favorable position as the interactions with O1 
and O2 likely stabilize the transition state while hydride is shifting from C2 to C1. 
These interactions with xylose O1 and O2 are absent when the metal is at position 
M2a. It was therefore suggested that the metal moves from the M2a to the M2b 
position during the reaction [25]. Mg2+ at M2a is at 2.0 Å distance to M2b and has 
interactions with NE2 of His272, OE2 of Glu269, OD1 of Asp310, Asp308 (bidentate) 
in one of its conformations, and the water molecule. In another conformation 
Asp308 and O1 of the xylose have interactions with NZ of Lys235, which has 
moved closer into the active site compared to the Mg-xylitol structure (Figure 
5C). Glu238, having an H-bond with the backbone amide of Asp308, also has 
achieved a double conformation. Hence, its structural neighbor, the side chain of 
Phe61 from the adjacent subunit, shifts by 1.4 Å toward the substrate. The double 
side-chain conformations of Asp308 and Glu238, obtained upon binding of the 
catalytic Mg2+ ion and xylose, are also observed in S. rubiginosus XI with two 
Mg2+ atoms and xylitol/xylose in the active site as well as Arthrobacter XI [41,46]. 
The conformational changes of the residues appear to be the consequence of 
the movement of the metal from M2b to M2a as it causes the aspartate to lose its 
coordination with the metal and interact with the nearby glutamate. 
Figure 5. Active site of Mg-GOL-XI (A), Mg-XYL-XI (B), and Mg-XLS-XI (C). The residues involved 
in metal binding are shown as green sticks. His102 and F61’ from another subunit are colored 
salmon and magenta, respectively. The glycerol, xylitol and xylose molecules are colored yellow. 
Water molecules are shown as red spheres and Mg2+ ions as light green spheres.
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XI-Cd and XI-Mn-sorbitol
In the Cd-xylose complex of PirXI, bound substrates are in a linear form (XLS) 
in subunit A and subunit B, while in subunit C and subunit D of the yin-yang 
dimer the substrates are in the pyranose ring form (Figure 6A, B). This mixture 
of open and closed structures was only observed for the PirXI-Cd structure. For 
PirXI structures soaked with other metals, the electron density map showed only 
the linear form of the substrate in the active site (Figure S2B, C, D). The active 
site structure of PirXI-Cd with the xylose in a linear form is very similar to the 
structure of Mg-xylose. Cd2+ at M2 is observed at two distinct positions with 1.4 Å 
distance between M2a and M2b. 
The electron density map in the active centers of subunits C and D shows 
α-d-xylopyranose (XYS) which is coordinated to M1 with O3 and O4, whereas 
the endocyclic O5 is hydrogen bonded to His102. O4 of α-d-xylopyranose is also 
coordinated to M2b at a distance of 2.7 Å (Figure 6B).
                                                                                                                                                                                                                                                                                                            
                                                                                                                                                                                                                                                                                                            
   
Figure 6. Active site of Cd-linear-XLS-XI (A), and Cd-cyclic-XLS-XI (B). The residues involved 
in the metal binding sites are shown as green sticks and His102 is colored salmon. The xylose 
molecules are colored yellow. Cd2+ ions are depicted as light orange spheres and interactions 
between the metal ions and the hydroxyl group of the xylose are shown as dashed lines.  The 
difference electron density, Fo – Fc contoured at the 2σ level for the sugars is shown. 
 
The crystal structure of XI-Mn soaked with sorbitol, a C6 sugar analogue with the 
same stereo configuration as d-glucose, shows two singly occupied metal binding 
sites (Figure 7). The binding of the sorbitol is quite different from the binding of 
xylitol in the Mg-xylitol structure. O1 of sorbitol has interacts with His102 (2.6 
Å) and a water molecule, and O2 interacts with Glu233 (bidentate), Asp297 and 
M1-Mn
2+. O3 is ligated by Glu233, Asp340 and M1, and O4 is ligated by Asp340 
(bidentate) and Ne of Trp50. O5 and O6 have interactions with water molecules. 
Interactions with M2 occur via water molecules. The binding mode of sorbitol is 
also quite different from that in class I XI from A. missouriensis complexed with 
Co2+ and sorbitol (Figure 7) and from S. rubiginosus complexed with Ni2+ and 
sorbitol.[47,48] In class II enzymes, the bulkier Trp140 replaces a Met (Figure S1) 
in the rear side of the active site. Therefore, steric hindrance was expected in the 
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active site of class II XI as the C6 atom of sorbitol would be too close to Trp140. In 
PirXI, the sorbitol molecule has shifted by 2.3 Å toward the entrance of the active 
site. Assuming that its C6 analogue binds in a similar manner, it indicates that 
glucose would bind to the active site in a less productive mode.  
Figure 7. Overlay of the active sites of Mn-SOR-XI and XI from A. missouriensis complexed with 
Co2+ and sorbitol (PDB entry 2XIN). The residues involved in the metal binding sites are displayed 
as green sticks. His102 and the sorbitol molecule are colored salmon and yellow, respectively. The 
residues and sorbitol from 2XIN are shown in gray. Mn2+ and Co2+ ions are depicted as purple and 
pink spheres, respectively. Interactions between the metal ions and hydroxyls of the sorbitol are 
shown as dashed lines.
XI-Ni, XI-Fe and XI-Ca
The XI-Fe structure contains two iron atoms in the active site at 1.9 - 2.2Å to the 
surrounding ligands (Figure S3A). No glycerol molecules could be observed in 
the electron density which could be caused by the lower resolution of the data 
set. The M2 Fe
2+ is positioned at the M2b location at 2.4Å from His272. The Fe
2+ 
atoms are positioned at 3.8 Å distance from each other.
A soak with xylose of a Ni2+ grown XI crystal reveals xylose in its linear form 
in the active site (Figure S3B). Its position superimposes well on the Mg-xylose 
structure. The Ni2+ cation at the M2 position has two distinct locations (M2a and 
M2b), as in the Mg-xylose structure. However, Asp308 does not have the double 
conformation as observed in the Mg-xylose structure.
A soak with Ca2+ resulted in both M1 and M2 occupied (Figure 8A). The M2 is 
bound in a distorted octahedral geometry by His272 at 3.4 Å, Glu269 at 2.3 Å, 
Asp308 at 2.2 Å, Asp310 at 2.4 Å and two water molecules. To the best of our 
knowledge, in class I XIs the M1 site was never occupied by a Ca
2+ ion. At M2, other 
Class I XIs bound Ca2+ at the M2a position, similar to what we observed in the 
PirXI-Ca2+-xylose structure but the equivalent residue of Asp308 binds the M2 in a 
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bidentate manner in other enzymes [49]. The large size of M2-Ca
2+ shifts Asp308 
and Asp310 slightly out and the O1 position of the linear xylose by 1.5Å towards 
Phe’61. This leaves the substrate in an unfavorable position for isomerization.
Figure 8. Overlay of the active sites of Mn−XLS−XI and Ca−XLS−XI (A) and the active site of 
Co−XUL−XI (B). In panel A, the residues involved in calcium binding are shown as green sticks. 
The bound manganese is colored pink. The xylose molecule in the Ca2+ structure is colored forest 
green and in the Mn2+ structure magenta. In panel B, the residues involved in the metal binding 
sites are shown as green sticks. His102 is colored salmon. The xylose molecules are colored yellow. 
Co2+ ions are colored pink. Interactions between the metal ions and the ligand amino acids and 
hydroxyl of the xylose or xylulose are shown as dashed lines (green for Ca2+ and black for Mn2+ in 
panel A).
XI-Mn, XI-Co, and XI substrate/product
The PirXI structure with two manganese ions and the substrate xylose well 
represents the most active form of the enzyme (Figure 8A). The Mn2+ at M1 has 
its usual octahedral coordination while M2 has full occupancy at the catalytic M2b 
position (no occupation of the M2a site). The M1 and M2b metal binding sites are 
at 4.1Å distance from each other. M2b is coordinated by His272 at 2.4 Å, Glu269 at 
2.3 and 2.9 Å, Asp308 at 2.0 Å, Asp310 at 3.2 Å, and O1 of xylose at 2.8 Å and O2 at 
2.7 Å.  The coordination is highly similar to that observed in the A. missouriensis 
XI (9XIM) mutant E186Q ternary complex with two Mn2+ atoms and a linear xylose 
[47]. It is interesting that in the PirXI structure with the highest activity, which is 
the Mn2+-dependent activity (Table 1), only the M1 and M2b sites are occupied, not 
M2a.
Xylulose was soaked in a Co2+ cocrystallized crystal and cryoprotected with 2 M 
proline. The structure showed that the M2-Co
2+ ion occupies 2 positions (M2a and 
M2b) with 1.8 Å distance (Figure 8B). Furthermore, similar conformational changes 
for Asp308, Asp310 and Phe’61 are observed as in the Mg2+-xylose structure. In 
this structure, we modeled d-xylulose as it was present at a concentration of ~ 
0.25 M in the soaking solution. The position is similar to that of the xylulose found 
in the crystal structure of S. rubiginosus (1XII) [50] and in the neutron diffraction 
structure of S. rubiginosus (3XWH) [43].
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An efficient xylose isomerase that is well expressed in active form in S. cerevisiae is 
important for the development of xylose-fermenting yeast strains. The Piromyces 
sp. E2 xylose isomerase has emerged as an attractive enzyme for this purpose [5]. 
Our recent work indicates that metal incorporation is critical for in vivo activity, as 
suggested by the effect of mutations influencing manganese homeostasis on XI 
activity and anaerobic xylose metabolism [35]. The current work corroborates this 
by exploring the metal-dependence of catalytic performance and by examining 
crystal structures of the enzyme soaked with different metals, substrates and 
substrate analogs. 
Studying metal dependence of the catalytic activity, we observed that xylose 
isomerization of PirXI can be activated by various bivalent metals but the level of 
activities is dependent on the metals. The enzyme was not activated by trivalent 
metal such as Al3+. Previous structural studies of XI from Arthrobacter showed 
that binding of the metal at M2 and substrate binding were disturbed when the 
enzyme was soaked with Al3+ and xylose or fructose [27,51]. Such a dependence 
of activity on the type of the metal that is bound was also observed in previous 
studies [31,33,34]. It seems that the class I and the class II xylose isomerase have 
different metal preferences as they mostly show the best activity with Mg2+ and 
Mn2+ metal cofactor, respectively. As a class II xylose isomerase, PirXI indeed also 
showed the highest activity with Mn2+. Here, we explore the metal dependence 
of the enzyme by analyzing the structural differences of PirXI reconstituted with 
different ligands (metals/substrate or analogues) and interpreting the effects in 
view of the proposed catalytic mechanism of xylose isomerases. 
The isomerase mechanism includes at least three chemical steps, accompanied 
and enabled by proton transfer reactions: ring opening of the substrate, hydride 
transfer from C2 to C1 accompanied by proton transfer from O2 to O1, and ring 
closure (Figure 1). Structural analysis of xylose isomerase from S. rubiginosus 
showed that the reaction involves movement of one of the metals (M2, the catalytic 
metal) and rotation of some of the active site residues such as Asp255 and Lys289 
which correspond to Asp308 and Lys342 in PirXI [26]. 
The His102-Asp105 pair, which is conserved throughout xylose isomerase 
sequences, is involved in ring-opening of the substrate which is bound to M1 
[26]. This ring-opening step seems to be dependent on the metals that are bound 
to the enzyme. In the structure of PirXI with Cd2+ and xylose, the substrate is 
found both in cyclic and linear form (Figure 6A, B). This indicates a slow ring-
opening that led to the very low enzyme activity in the presence of Cd2+.  For 
many xylose isomerases Cd2+ is reported to inhibit the enzyme reaction, probably 
by preventing the ring-opening of the substrates as the structure with this metal 
shows only the cyclic form of the substrate [26].                                                                                                                               
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After linearization of the substrate M2a which is coordinated with three aspartates, 
a histidine and a water molecule shifts to M2b where it now coordinates O1 and 
O2 of the sugar and must therefore be in the catalytically competent position 
[52]. The mobility of the M2 metal is supposed to aid the reaction after ring-
opening to facilitate isomerization in its linear form  [26,33]. A structure of the 
catalytically most competent enzyme (Mn2+ and xylose bound) revealed that Mn2+ 
occupies only the M2b position of the two conformations at the M2 site (Figure 
8A). This might indicate that the rapid or more complete shift of the metal from 
M2a to M2b contributed to the higher activity of the enzyme in the presence of 
Mn2+ compared to the other metals. The kcat of PirXI-Mg
2+ is half that of PirXI-Mn2+ 
and in the enzyme structure with Mg2+ the metal is observed in both the M2a and 
M2b positions. In the structure of PirXI-Ca
2+, the M2 metal is found at only the M2a 
position (Figure 8A). The large size of Ca2+ could hamper its movement which 
may be one of the causes of the low reaction rate of PirXI with this metal.  
Variations in transition state stabilization of the actual hydride transfer steps 
among the different metals bound in the M2b site may also contribute to the 
observed differences in activity. Movement of the metal at position M2 does not 
necessarily mean that the metal can activate the enzyme. Although Ni2+ was found 
at both M2 positions, the enzyme showed no detectable activity (Figure S3B). The 
presence of Ni2+ at two distinctive M2 positions was also observed in the structure 
of S.  rubiginosus XI which is also inactive with the metal [53]. After the ring 
opening of the substrate, Ni2+ may be incapable of inducing the polarization of the 
catalytic water necessary to proceed with isomerization. This inhibiting effect of 
Ni2+ has been explained by the preference for square planar coordination and its 
high electron affinity [26].
PirXI is also active with Fe2+ as the metal cofactor and the specific activity 
was ~70 % that of PirXI-Mg2+. The PirXI-Fe2+ structure shows two iron ions in the 
active site (Figure S3A). Although the reaction of PirXI in the presence this metal 
was performed under an O2 limited condition we cannot exclude the possibility 
of Fe2+ partially being oxidized to Fe3+, which would influence the activity. Strong 
inhibition of a class II XI by iron has been described [54] and PirXI is one of a few 
xylose isomerases reported so far that shows activity on xylose with the Fe2+ 
cofactor [55,56]. 
Binding of substrate is also dependent on the type of metal cofactor bound 
to PirXI. As the ionic radius of Ca2+ is larger (1.14 Å) than that of other metals, the 
carbonyl and the 2-hydroxyl of the bound xylose are shifted away from the M2 
site, placing the substrate in a position that is not favorable for catalysis (Figure 
8A). This could explain the extremely high KM for xylose in the presence of Ca
2+ 
whereas it is relatively low with Mg2+ or Mn2+. PirXI-Co2+ shows the highest affinity 
for xylose which led it to have the highest catalytic efficiency. However, this may 
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be hardly relevant in vivo as cobalt is a less abundant metal and metal content 
analysis showed that almost no cobalt was bound to the purified native PirXI. 
While the metal cofactors influence binding of substrate, the type of substrate/
inhibitor seems to influence the binding of the second metal. The crystal structure 
of PirXI-Mg2+ with either xylitol or glycerol, only position M1 is occupied by a 
metal. This indicates that the binding of the metal at M2 position, in case of Mg
2+, 
requires a proper binding of the substrate as observed in the PirXI-Mg2+-xylose 
structure. The absence of metal binding at M2 position in the presence of an 
inhibitor such as xylitol and sorbitol has also been observed in structures of other 
XIs [41,46,47]. 
As shown in the structure of PirXI with sorbitol, binding of a C6 sugar is different 
between PirXI and Class I enzymes (Figure 7). Because of a bulky tryptophan at 
position 140, which is substituted to a Met in the class I enzymes, binding of 
the C6 sugar is sterically hindered in PirXI. In the structure of a class I XI from 
Arthrobacter strain B3728 it was shown that O6 of the d-sorbitol was pointing 
towards the methionine residue [57]. Indeed, the activity assays of PirXI show 
that the enzyme is barely active with glucose (very low kcat and high KM) whereas 
the class I enzymes have higher activity with glucose [34]. In a previous study 
of another class II XI from C. thermosulfurogenes, replacing the tryptophan with 
the smaller phenylalanine improved both KM and kcat of the enzyme for glucose, 
proving that the steric hindrance of the tryptophan was responsible for the poor 
activity of the enzyme towards C6 sugars. Nevertheless, this property of PirXI 
makes it more favorable as a specialized catalyst for lignocellulosic bioethanol 
production as the enzyme will be devoted to only converting xylose to xylulose.
As we have revealed the impact of various metals on the kinetic properties of 
PirXI, it is important to understand the in vivo metal binding of the enzyme and 
how it influences its activity. In this study, we have measured the metal content 
of PirXI isolated from E. coli. The enzyme was found to bind a mixture of several 
metals and the contents were different depending on the cultures that the enzyme 
was purified from. This indicates that the metal contents of the overexpressed 
enzyme can be influenced by the intracellular metal composition as well as the 
enzyme-metal affinity. Therefore, measurements of xylose isomerase activities 
with cell-free extracts or with enzyme samples of which the metal content is not 
strictly controlled by reconstitution of chelator-treated apoenzyme may give 
results with little significance due to variations in metal content, some of which 
may be introduced during sample preparation. Thus, medium composition, 
expression level, and  growth phase of cultures may influence metal availability 
and apparent XI activity [54,55]. Previously, Hlima and colleagues found that the 
recombinant xylose isomerase from Streptomyces sp. SK expressed in E. coli 
has lower activity than the native enzyme which was explained by the lack of 
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posttranslational modification [58]. However, overexpression of the recombinant 
enzyme could have led to the different metal contents and, hence, the different 
activities. In a recent study, we have shown that intracellular metal contents 
play a critical role for the in vivo activity of PirXI expressed in S. cerevisiae as it 
influences metal loading of the enzyme and, thereby, the in vivo catalytic activity 
and the rate of xylose metabolism [35]. 
Although the total metal contents of the purified enzyme were close to the 
theoretical value (2 metal ions per a monomer of PirXI) it seems that the enzyme 
loses some of the metals during sample preparation for crystallization. The 
crystal structure of the native PirXI showed that only M1 was occupied, which 
indicates a stronger metal binding at M1 than at M2. Interestingly, His272, one of 
the M2 metal-coordinating residues, was shown to be doubly protonated half of 
the time and this could cause weak binding of the metal [26,44], although this 
could be dependent on the type of the metal. The refinement of the structure 
with different metals at M1 showed that the occupancy of metals decreases in the 
following order: Ca2+ > Mg2+ > Fe2+. Since the metal content analysis showed that 
the enzyme bound mainly Mg2+ and lower levels of Ca2+ and Fe2+, we speculate that 
more Mg2+ was bound at M2 than at M1 in the native PirXI. Different affinities of 
various metal ions for the M1 and M2 binding sites were also observed in previous 
studies and the metal preferences differ between the isomerases. For instance, 
XI from Arthrobacter B3728 showed high affinity for Mn2+, Co2+, Cd2+ and Pb2+ at M2 
and Mg2+ and Al3+ at M1 while XI from S. rubiginosus prefers Mg
2+ at M1 position 
and other various metal ions at position M2 [26,46,57]. 
 In the current study we measured the activation constants (Kact) of different 
metals, which are probably determined by the binding site with lower affinity. PirXI 
has the highest affinity for Mn2+ which is also the superior metal for the enzyme 
activity. The affinity of the enzyme for different metals does not necessarily 
correlate with chemical reactivity of the metals for the isomerization reaction. 
Even though the Kact for Co
2+ is much lower than that for Mg2+, the enzyme is more 
active with Mg2+. Interestingly, metal binding affinity of XI from a Arthrobacter 
strain is similar to that of PirXI (Mn > Co > Mg) but this enzyme shows the 
highest activity in the presence of Mg2+ [29]. As metal binding residues in xylose 
isomerases are highly conserved, it is likely that different chemical reactivity of a 
metal in different XIs is influenced by the overall protein environment including 
second shell residues and perhaps the residues that are further away from the 
active site.   
The results reported here reveal clear differences between different metals 
with respect to binding mode, affinity and catalytic activity of PirXI. The various 
assays and crystallography experiments were performed with apoenzyme 
reconstituted with different metals. Several factors including metal dependent 
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PirXI activity, metal availability and metal affinity could affect the efficiency of the 
enzyme in vivo. It is possible that further exploration using mixtures of metals will 
be necessary to fully understand the in vivo activity of the enzyme. Previously, the 
activities of PirXI in the presence of metal mixtures that represented the in vivo 
metal composition of different S. cerevisiae strains showed that Mn2+ influenced 
the overall activity significantly, despite it being a minor component of the overall 
mixtures [35]. This suggests a higher enzyme affinity towards this metal, in 
agreement with the current half saturation constants (Kact). On the other hand, an 
inhibitory effect of Ca2+ was not pronounced at concentrations mimicking the in 
vivo levels, as the activities with the metal mixtures were as high as the activity 
with Mg2+ alone.    
Besides metal content, the pH-dependence of XI may be important for the in 
vivo activity. PirXI shows an optimum pH of 7.5 or higher in the presence of Mg2+, 
Mn2+ and Ca2+. The enzyme activity decreases rapidly at pH lower than 6.5 and 
this decrease is thought to be related to the local pKa of His272 which is involved 
in the metal (M2) coordination or Lys342, which in turn interacts with the metal-
binding residue Asp310 [26]. The pH-activity profile seems to be also dependent 
on the metals as PirXI-Co2+ showed a pH profile different from that of the enzyme 
with other metals. The activity of PirXI-Co2+ is unaffected by the pH, at least in the 
range of 5.5 to 7.5. The pH profiles of xylose isomerases of different biological 
origin may vary. Some show the best activity at acidic pH range [58–61], some are 
most active at neutral pH range [3,55,62] or at basic pH range [34,63]. Comparing 
the sequences and structures of these XIs with different pH optimum may be 
useful for engineering PirXI to optimize its activity for the cytosolic pH of the S. 
cerevisiae. 
CONCLUSION
Xylose isomerase from Piromyces sp. E2, which catalyzes xylose isomerization 
in metabolically engineered S. cerevisiae strains for conversion of pentoses to 
ethanol, can accept various metals. The catalytic performance of the enzyme is 
dependent on the type of metal that is bound, with Mn2+ being the best metal, 
followed by Mg2+. Ca2+ and Cd2+ poorly activate the reactions and Ni2+ and Al3+ are 
not activating. Since there is no clear correlation between the metal dependent 
activities and the affinity of the enzyme for metal ions, in vivo XI performance will 
be influenced by metal availability in the medium, uptake and distribution in cells, 
and incorporation in the enzyme. 
Overall, the PirXI crystal structures are similar to other XI structures with the 
major differences being the N-terminal α-helix extension and the size of interface 
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area in the tetramers as compared to class I XIs. The active site of each PirXI 
subunit contains a substrate binding site and two metal binding sites formed by 
several aspartates and glutamates that are conserved throughout XIs. The results 
of soaking experiments confirmed that PirXI is highly promiscuous with respect 
to metal binding and suggest that differences in movement of the catalytic metal 
to a position required for hydride shift catalysis and associated conformational 
changes of metal binding side chains may be related to differences in catalytic 
performance. 
Understanding the metal dependent catalytic properties of the enzyme 
through structural and biochemical studies as described in this study provides 
critical insights for the enzyme engineering to optimize the in vivo enzyme 
activity, thereby improving ethanol production from xylose.   
MATERIALS AND METHODS
Expression of PirXI in E. coli
A synthetic xylA gene encoding XI from Piromyces sp. E2 (GenBank accession 
number AJ249909) was obtained from GenScript USA Inc. (Piscataway, NJ, USA). 
The sequence was codon-optimised for expression in E. coli. The xylA gene was 
cloned into a pBAD/myc-His-derived plasmid (Invitrogen). In this plasmid, the 
original NdeI sites were removed and the NcoI site was replaced with an NdeI 
site. The xylA gene was cloned using NdeI and HindIII sites with insertion of a 
stop codon at the end of the xylA coding sequence. The obtained pBAD-PirXI 
plasmid was transformed into E. coli TOP10 (Invitrogen) or NEB 10-beta (New 
England Biolabs). The sequence of the plasmid was verified by sequencing. 
For expression of XI, E. coli TOP10 cells or NEB 10-beta cells harboring the 
pBAD-PirXI plasmid were cultivated in TB medium (per l: 12 g tryptone, 24 g yeast 
extract, 5 mL glycerol, 2.31 g KH2PO4, 16.43 g K2HPO4·3H2O) supplemented with 
50 µg.ml−1 ampicillin and 0.2% (w/v) L-arabinose for 16 h at 37 °C. The cells were 
harvested by centrifugation, washed with 20 mM Tris·HCl, pH 8.5, and directly 
used for enzyme purification or stored at −20 °C until further use.
Purification of XI overexpressed in E. coli
The cells were disrupted by sonication and cell debris was removed by 
centrifugation for 45 min at 31,000 × g, 4 °C. The supernatant was applied to a 
Q-sepharose Fast Flow resin (GE Healthcare) equilibrated with 20 mM Tris·HCl, 
pH 8.5 in a gravity flow column, and incubated for 30 min at 4 °C on a rotating 
format. The column was washed with 15 column volumes of 20 mM Tris·HCl, pH 
8.5. Then xylose isomerase was eluted from the column using 20 mM Tris·HCl, 
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pH 8.5, containing 100 mM KCl. Fractions containing protein were pooled and 
desalted using an EconoPac 10-DG desalting column (Bio-Rad) pre-equilibrated 
with 10 mM MOPS, pH 7.0. Protein concentrations were determined using the 
theoretical extinction coefficient at 280 nm (ε280,XI = 73,800 M
−1·cm−1) calculated by 
the ProtParam tool (http://web.expasy.org/protparam/). The protein was stable 
when stored at 4 °C for several weeks. For long-term storage, the protein was 
frozen in liquid nitrogen and stored at −80 °C.
Activity assays
Most assays were done using enzyme with controlled metal composition. For 
this, we first prepared apo-enzyme by buffer exchange to 10 mM EDTA in 10 mM 
Tris·HCl, pH 8.0, using either dialysis or EconoPac 10-DG desalting columns (Bio-
rad). The samples were incubated with EDTA for 30 min. Subsequently, EDTA was 
removed by buffer exchange to 10 mM MOPS, pH 7.0. The activity of this apoXI 
assayed in the absence of added bivalent metal ions was less <0.02 U/mg.
In most cases, XI activities were measured by a coupled enzyme assay 
using d-sorbitol dehydrogenase (SDH)[64]. d-xylulose formed by XI activity is 
reduced by SDH to xylitol, which is monitored by following NADH oxidation 
spectrophotometrically at 340 nm. SDH was obtained from Roche Diagnostics 
GmbH (Mannheim, Germany). The standard reactions were performed at 30 °C 
and contained 20 mM MOPS, pH 7.0, 1 mM bivalent metal ions, 150 mM d-xylose, 
0.15 mM NADH and 1 unit/ml SDH. Reactions were initiated by adding 0.05-0.2 
µM apoXI. The amount of XI was adjusted so that the ratio of SDH activity to XI 
activity would be at least 30. In case of assays in the presence of Co2+, the amount 
of SDH was doubled to balance the inhibitory effect of Co2+ ions on SDH activity. 
The absorbance at 340 nm was followed using a spectrophotometer (Jasco) or 
a Synergy Mx microtiter plate reader (BioTek Instruments, Inc.). d-xylose and 
d-fructose stocks (2 M) were made in MilliQ water and stored at −20 °C. The 
measurements were performed in duplicate. One unit of XI activity is defined as 
the amount of enzyme catalyzing conversion of 1 µmol of d-xylose per min under 
the assay conditions.
Kinetic parameters of XI for d-xylose were determined by measuring XI activity 
with varying d-xylose concentrations in the range of 0.04 to 1875 mM, depending 
on the metal cofactor used. For pH profiling of XI activities, different buffers (50 
mM) were used to establish pH values: MES for pH 5.5 and 6.0, MOPS for pH 6.5, 
7.0 and 7.5. Activities of native enzyme isolated from E. coli were measured in the 
presence of 1 mM MgCl2 using the spectrophotometric assay described above. 
For determining the apparent metal affinities (Kact values) activity of apo-PirXI 
was measured in the presence of varying metal concentrations (1-4000 µM) using 
150 mM xylose as the substrate for Mg2+ and Mn2+, 1375 mM xylose for Ca2+, and 
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at 15 mM xylose for Co2+. The concentration of the enzyme used was in the range 
of 0.05 – 0.2 µM for the reactions with Mg2+, Mn2+ and Co2+ and 0.5 – 1.0 µM for the 
reaction with Ca2+. 
For measuring the activities of PirXI with metal cofactors which are 
not compatible with the SDH-coupled assay, activities were examined by 
measuring the formation of d-xylulose from d-xylose by high-performance liquid 
chromatography (HPLC).  Reaction mixtures containing the substrate, PirXI, and 
1 mM metal ions in MOPS (pH 7.0) were incubated at 30 °C while being shaken. 
Reactions were stopped by acidification with HCl and addition of acetonitrile to 
80 %. Samples were then separated on an XBridge BEH Amide column (4.6 mm 
× 250 mm, pore size 130 Å, particle size, 3.5 µm, Waters). Separation conditions 
were isocratic with 80 % acetonitrile, 20 % 20 mM MOPS (pH 7.0) and a flow rate 
of 1 mL/min, 80 °C. The ultraviolet (UV) absorbance at 210 nm was measured 
for d-xylulose quantification. For measuring XI activity with Fe2+, oxygen-limited 
reaction mixtures were prepared by flushing the reaction components and the 
mixture with argon. The reaction mixtures were incubated in a 30 ˚C water bath. 
During the reaction the argon was flushed over the surface of the reaction mixture 
and for sampling a syringe was used. The activity of PirXI on glucose was also 
measured using the HPLC assay as described above. The activities with different 
concentrations of glucose ranging from 0.1 M to 1.5 M were measured in the 
presence of 1 mM MgCl2 as the metal cofactor. A refractive index detector was 
employed for d-fructose quantification.  
Metal analysis
XI purified from E. coli was lyophilized and analyzed for the presence of calcium, 
cobalt, copper, iron, magnesium, manganese and zinc using inductively-coupled 
plasma optical emission atomic spectroscopy on an Optima 7000DV ICP-OES 
apparatus (PerkinElmer). The measurements were performed in duplicate. Before 
lyophilization, a molybdenum standard (molybdenum ICP standard Certipur, 
Merck Millipore) was added to the sample to a final concentration of 5.0 µg/mL. 
Crystallization and structure determination
Initial vapor-diffusion crystallization experiments were performed using a 
Mosquito crystallization robot (TTP Labtech). In a typical experiment, 0.1 µl 
screening solution was added to 0.1 µl protein solution on a 96-well MRC2 plate 
(Molecular Dimensions); reservoir wells contained 50 µl screening solution. The 
screening solutions used for the experiments were PACT and JCSG+ (Qiagen 
Systems). Crystallization conditions were optimized using hanging-drop setups 
with 13-15% (w/v) PEG3350 and 0.1 M ammonium sulfate in 0.1 M HEPES (pH 7.0) 
as precipitant, and drops containing 1 µl protein solution (6 mg ml-1 in 10 mM 
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triethanolamine, pH 7.6) and 1 µl reservoir solution at 295 K. Native PirXI crystals 
belong to space group P1 with four monomers of 49 kDa in the asymmetric 
unit. The VM is 2.3 Å
3/Da [65] with a solvent content of 45%. Apo crystals were 
grown under the same condition as native crystals, and binary complexes of 
apo-XI with metal cofactors were prepared by addition of the required metal in 
the crystallization drop. Before data collection, crystals were briefly soaked in 
a cryoprotectant solution, consisting of 20% glycerol, 15% (v/v) PEG 3350 and 
0.1 M ammonium sulfate in 0.1 M HEPES buffer, pH 7.0. Ternary complexes with 
substrate or inhibitor were prepared from the binary complexes by stepwise 
addition of the sugars to the crystals, reaching a final sugar concentration of 2.2 
M, which was high enough to serve as cryoprotectant [66]. For the structure of 
XI with xylulose, 2.5 M trans-4-hydroxy-L-proline was used as cryo-protectant as 
xylulose was available only as a 0.5 M solution.  
X-ray diffraction data to 1.8 Å resolution were collected from single cryo-
cooled crystals mounted on an in-house MarDTB Goniostat System using Cu-
Kα radiation from a Bruker MicrostarH rotating-anode generator equipped with 
HeliosMX mirrors. Intensity data were processed using iMosflm [67] and scaled 
using Aimless [68]. 
Phases were obtained by molecular replacement using the program Phaser 
[69]. The coordinates of three xylose isomerase structures [Protein Data Bank 
(PDB) entries 1A0C, 1A0D, and 1A0E], which have sequences that are ~50 % 
identical with PirXI, were used to construct a composite search model. The 
PirXI structure was built using the programs ArpWarp [70] and Coot [71] and 
refined using Refmac5 [72]. Water molecules were placed automatically in 
Fo - Fc difference Fourier maps at a 3σ cutoff level, and validated to ensure 
correct coordination geometries using Coot. The first residues from the four XI 
subunits were not visible in the electron density, and therefore not included in 
the final model. In the binary and ternary complexes 2Fo – Fc and Fo – Fc maps 
showed extra density in the active site. To confirm the metal ions, we calculated 
anomalous difference Fourier maps, with data collected at a wavelength of 1.54 Å 
(1.3 anomalous electrons for Ca, 2.8 for Mn, 3.2 for Fe, 3.7 for Co, 0.5 for Ni, 4.7 for 
Cd), using phases obtained from the model without any metal ions. Occupancies 
of the metal ions were calculated with Phenix [73]. Relevant statistics of the data 
collection and model refinement are given in Table 4. The stereochemical quality 
of the model was assessed with MolProbity [74]. Interface areas between the 
subunits were calculated with PDBePISA [75]. Figures were prepared with PyMOL 
(http://www.pymol.org) and ESPript [76]. Atomic coordinates and experimental 
structure factor amplitudes have been deposited in the Protein Data Bank (PDB) 
(Table 4).
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Structure–based sequence alignment. 
A structure–based alignment of Class II xylose isomerases from Piromyces sp. E2, 
Bacteroides thetaiotaomicron (PDB entry 4XKM)[36], Thermoanaerobacterium 
thermosulfurigenes (PDB entry 1A0C), Thermotoga neapolitana (PDB entry 1A0E), 
Bacillus stearothermophilus (PDB entry 1A0D) and a Class I xylose isomerase 
from Streptomyces rubiginosus (PDB entry 4W4Q)[49] was made with Promals3D 
[77]. The alignment figure was created with ESPript [78].
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Table 4. Data collection and refinement statistics. 
Native Apo Mg-glycerol Mg-xylitol Mg-xylose Ca-xylose
cryoprotectant 20% glycerol 20% glycerol
0.5 M xylose
+ 20% glycerol
2.2 M xylitol 2.2 M xylose 2.2 M xylose
unit cell dimensions
a, b, c (Å),













resolution (Å) 1.80 1.67 1.80 1.75 1.90 1.86
Rsym (%)
a 4.5 (23.0) 7.8 (28.6) 8.9 (35.0) 6.6 (43.1) 9.3 (35.3) 9.0 (48.8)
completeness 
(%)a 92.3 (66.7) 92.4 (75.6) 93.4 (80.7) 93.3 (89.0) 92.0 (84.7) 93.7 (75.7)
I/σ (I)a 20.6 (4.9) 9.1 (3.7) 8.4 (2.6) 14.0 (2.9) 6.1 (2.0) 10.6 (2.1)
redundancy 3.9 (3.2) 4.0 (3.8) 4.0 (3.6) 4.0 (4.0) 2.0 (2.0) 4.0 (3.2)
refinement
R / Rfree (%) 12.1 / 14.8 18.4 / 21.0 19.4 / 22.9 14.0 / 16.1 15.3 / 17.6 17.6 / 20.1
ions for active 
site
occupancy
4 (Ca2+, Mg2+, 
Fe2+)
0.4, 0.35, 0.25
- 4 Mg2+ 4 Mg2+ 8 Mg2+ in 2 conf. 8 Ca2+
ligand active site glycerol glycerol glycerol xylitol linear xylose linear xylose
waters 2373 2317 1638 1836 1775 1620
other ligands - 14 xyloses 8 xyloses
other atoms 20 GOL, 3 SO4
2- 7 GOL, 4 SO4
2-, 






bond lengths (Å) 0.013 0.009 0.014 0.010 0.010 0.009
bond angles (o) 1.49 1.31 1.48 1.33 1.32 1.24
PDB code 5NH5 5NHM 5NH4 5NH6 5NH7 5NH8
a Values in parentheses are for the highest-resolution shell. 
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Mn-xylose Mn-sorbitol Fe-glycerol Co-xylulose Ni-xylose Cd-xylose
2.2 M xylose 2.2 M sorbitol 20% glycerol
0.25 M xylu-
lose + 2.5 M 
transPRO













2.08 1.80 2.40 1.93 1.80 1.86
11.0 (43.5) 9.4 (48.2) 13.9 (49.0) 7.8 (29.3) 8.8 (49.1) 6.3 (38.6)
92.4 (59.7) 93.6 (79.6) 85.8 (81.1) 94.3 (79.3) 91.4 (87.3) 87.8 (55.9)
9.3 (2.7) 11.6 (2.1) 5.9 (2.1) 10.9 (2.9) 8.0 (1.9) 9.4 (2.0)
3.9 (2.9) 3.9 (3.2) 4.0 (4.0) 2.8 (2.4) 3.8 (3.8) 2.0 (1.8)
16.8 / 20.3 15.5/ 18.1 24.4 / 27.8 15.7 / 18.8 15.4 / 17.5 14.4 / 16.5
8 Mn2+ 8 Mn2+ 8 Fe2+ 8 Co2+ in 2 conf. 8 Ni2+ in 2 conf. 8 Cd 2+
linear xylose sorbitol - xylulose linear xylose linear xylose or  xylopyranose
1522 1984 477 2185 1751 1837




2- - 5 SO4
2- 8 SO4
2-
0.012 0.012 0.012 0.011 0.011 0.011
1.37 1.48 1.42 1.38 1.37 1.42
5NH9 5NHA 5NHB 5NHC 5NHD 5NHE
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Figure S1. Structure–based sequence alignment of xylose isomerases. Structure–based alignment 
of class II xylose isomerases from Piromyces sp. E2 (Pir), Bacteroides thetaiotaomicron (BaThet), 
Thermoanaerobacterium thermosulfurigenes (ThThe), Thermotoga neapolitana (ThNeap), Bacillus 
stearothermophilus (GsStea) and a Class I xylose isomerase from Streptomyces rubiginosus 
(StRubi). The secondary structure elements at the top of the sequence alignment are from the 
crystal structure of PirXI. Identical residues have a red background color, similar residues have a 
red color. Residues involved in metal binding have a cyan background and hydrophobic residues in 
the active have an orange background. Residues which are different in the active site from Class 
I have a green background.
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Figure S2. Active site of Mg-xylitol-XI (A), Ca-linear-xylose-XI (B), Mn-linear-xylose-XI (C) and 
Co-linear-xylulose-XI (D). The residues involved in the metal binding sites are displayed as sticks 
in green, His102 in salmon, and the xylose, xylulose and xylitol molecules in yellow. Mn2+ ions are 
depicted as purple balls, Ca2+ and Mg2+ as green balls, and Co2+ as salmon balls. 2Fo – Fc density is 
contoured at 1σ level in panel A and omit electron density for the sugars is shown at 3σ for panel 
B-D.
Figure S3. Active site of Fe-XI (A) and Ni-XLS-XI (B) The residues involved in the metal binding 
sites are displayed as sticks, in green, His102 in salmon, and the xylose molecule in yellow. Fe2+ 
ions are depicted as brown balls and Ni2+ as green balls. Interactions between the metal ions, the 
hydroxyl of the xylose and the ligand amino acids are shown as dashed lines.
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Table S1. Distances of coordination to the metal ions
Native Mg-GOL Mg-XYL Mg-XLS Ca-XLS
Metal 1 Ca2+, Mg2+, Fe2+ Mg2+ Mg2+ Mg2+ Ca2+
B-fact./Occ. 26.8/24.5/20.3 (0.40/0.26/0.30) 21.6/1.0 13.7/1.0 9.8/1.0 21.8/1.0
Glu233OE1 - 3.19 - - -
Glu233OE2 2.20 2.05 2.07 2.11 2.28
Glu269OE1 2.12 2.11 2.05 1.97 2.19
Asp297OD2 2.07 2.02 1.97 2.08 2.18
Asp340OD2 2.14 2.02 2.04 2.09 2.22
O2 2.33 2.17 2.15 1.95 2.33
O4/O3 2.42 2.09 2.09 2.06 2.40
Metal 2 - - - Mg2+ 2a/2b Ca2+
B-fact./Occ. - - - 8.6/5.9(0.4/0.6) 37.4/1.0
Glu269OE1 - - - - /2.97 -
Glu269OE2 - - - 2.54/2.17 2.26
His272NE2 - - - 2.99/2.34 3.41
Asp308OD1 - - - 1.66/- -
Asp308OD2 - - - 3.18/- (2.95) 2.10
Asp310OD1 - - - - /2.59 2.44
H2O/OH
- - - - 2.55/1.88 2.11
Metal 1-Metal 2 - - - 3.64 (1-2b)1.91 (2a-2b) 5.2
Ligand glycerol glycerol xylitol linear xylose linear xylose
O1 - - - 2.99/2.23 -
O2 - - - - /2.06 -
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Mn-XLS Mn-SOR Fe Co-XUL Ni-XLS Cd-XLS Cd-XYS
Mn2 Mn2+ Fe2+ Co2 Ni2+ Cd 2+ Cd2+
17.0/1.0 17.2/1.0 15.5/1.0 13.5/1.0 17.5/0.8 14.4/0.5 13.9/0.5
- - 1.89 - 2.14 3.42 3.35
2.17 2.09 2.91 2.16 3.02 2.24 2.21
2.13 2.19 2.04 2.05 2.17 2.04 2.06
2.12 2.08 2.01 2.05 2.10 2.19 2.13
2.11 2.17 2.16 2.16 2.18 2.09 2.16
2.17 2.34 - 2.07 2.01 2.15 2.27 (O2)
2.23 2.27 - 2.20 2.23 2.34 2.31 (O4)
Mn2+ Mn2+ Fe2+ Co2+ Ni2+  2a/2b Cd2+ 2a/2b Cd2+ 2a/2b





2.90 3.06 2.92 2.97 -/2.67 3.19/2.94 3.17/3.00
2.31 1.99 2.17 2.28 2.04/2.43 1.97/2.75 2.63/1.9
3.14 2.65 2.27 2.22 2.74/2.07 2.79/2.30 2.75/2.22
- 2.15 - - 2.26/- 2.62/- 2.63/-
1.95 2.60 2.90 2.83 2.01/- 2.20/2.57 2.27/2.43
3.21 2.47 4.01 - 2.25/- 2.47 2.63/-
2.19 - 2.05 2.50/1.85 -/2.63 2.35/2.04
4.10 4.70 3.75 3.75 3.66 (1-2b)1.88 (2a-2b)
4.05 (1-2b)
1.31 (2a-2b)
linear xylose sorbitol - xylulose linear xylose linear xylose cyclic xylose
2.76 - 2.24 -/2.38 - - /2.74 (O3)
2.67 4.10 2.35 -/2.26 2.57
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Efficient xylose to xylulose conversion is of great interest for enabling xylose 
fermentation by engineered S. cerevisiae, which in turn is required for cost-
efficient production of bioethanol from lignocellulosic biomass. Xylose isomerase 
from Piromyces sp. E2 (PirXI) is known to be one of the most effective enzymes 
for this conversion but still requires improvement since very high expression 
levels in S. cerevisiae are needed for rapid anaerobic xylose conversion. 
Inspired by the biochemical and structural properties of PirXI and comparison 
to homologous XIs, we exploited two rational enzyme engineering approaches. 
Through screening of designed mutant PirXIs by in vitro activity assays, we 
discovered variants with increased activity with Mg2+ as the metal cofactor and 
variants with increased activity increase at lower pH. Furthermore, we evaluated 
the effects of these mutants on the xylose-dependent growth of S. cerevisiae 
and discovered a disconnect between in vivo and in vitro performance of xylose 
isomerase, suggesting in vivo performance is influenced by as yet unidentified 
xylose isomerase properties.  
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INTRODUCTION 
Incorporating xylose isomerase activity enables xylose to ethanol fermentation by 
S. cerevisiae, which is required for cost-effective second-generation bioethanol 
production. Previous studies on the expression of various xylose isomerases in 
S. cerevisiae showed that the enzyme from Piromyces is relatively well expressed 
in an active form [1–3]. However, a high PirXI gene copy number is required to 
achieve sufficient activity for rapid anaerobic xylose metabolism, suggesting in 
vivo activity is not optimal [4–6]. Therefore, the discovery and engineering of 
xylose isomerase variants with better in vivo catalytic performance is important 
for engineering yeast strains with enhanced fermentation properties. 
Rational engineering of an enzyme requires structural and biochemical 
information. Xylose isomerases have mainly been investigated for their 
importance in industrial production of fructose syrups from starch. Sequences 
and crystal structures of multiple xylose isomerases are available and biochemical 
data have been reported [7,8]. Despite the attractive properties of PirXI for 
introducing the capacity to metabolize xylose in S. cerevisiae, no enzymological 
studies on the enzyme were available until we recently explored the properties of 
the purified enzyme and solved crystal structures. Because xylose isomerase are 
metalloenzymes that require two divalent metals [9], the study was focused on 
the metal-dependency of the enzyme (Chapter 2)  
The global structures of xylose isomerases of different origin are similar. The 
enzymes are tetramers with subunits that are folded into a TIM-barrel motif. 
Two classes of xylose isomerases can be distinguished based on sequence 
comparison. Class II enzymes, to which PirXI belongs, generally show a 30 – 45 
amino acid extension at the N-terminus as well as a longer α1 helix as compared 
to the class I enzymes. Interconversion of xylose to xylulose by xylose isomerase 
is known to occur by metal-mediated hydride shift. Of the two divalent metal 
ions that are required, one assists in proper binding of the ring-opened substrate 
(M1) and the other drives the hydride shift from C1 to C2 by polarizing a catalytic 
water molecule (M2). The metal coordinating residues are Asp340 for M1 and 
Glu269, His272, Asp308 and Asp310 for M2 (the numbering refers to the PirXI 
sequence here and throughout the chapter unless otherwise stated); these are 
fully conserved throughout known xylose isomerases [9].
Besides the metal binding residues, several other amino acids lining the 
active site of xylose isomerase are highly conserved. Assuming these amino 
acids are involved in catalysis, it makes rational engineering of xylose isomerase 
for improving catalytic activity challenging. Besides the metal binding residues, 
ring-opening residues (His102 and Asp105) [10,11], active site hydrophobic 
residues (Phe61, Trp50 and Trp137) [12] and other catalytically important residues 
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(e.g. Lys235) [12,13] should not be mutated. Despite the similar active sites, the 
activity profiles of xylose isomerases are diverse [14–17], indicating that second 
shell residues and perhaps residues even further away from the active site are 
responsible for the differences. Furthermore, some residues near the active site 
are differentially conserved amongst class I and class II enzymes, which deserves 
further investigation because the functional implications are unclear. 
Xylose isomerase can be activated with different types of metals giving 
different specific activities. The metals that are most frequently used for activity 
measurements are Mg2+, Mn2+ and Co2+ whereas Ca2+ is often reported to be an 
inhibitor [18,19]. Other metals such as Fe2+ and Zn2+ were also found to activate 
some xylose isomerases [9,10,20]. Although there are a few exceptions, there 
seem to be differences in metal preference between class I and II enzymes. 
Generally, the former show the highest activity with Mg2+ while the latter prefer 
Mn2+ [9,14,21]. As a class II XI, PirXI shows the best activity with Mn2+ with kcat 
and KM values around 7 s
-1 and 5 mM, respectively [9]. Compared to activities of 
enzymes involved in upper glycolysis, the activity level of PirXI does not seem 
to be a bottleneck for xylose metabolism [22,23]. However, due to the limited 
availability and low levels of intracellular Mn2+, in vivo PirXI activity is expected 
to be much lower. Increasing activity of PirXI with a more abundant metal such 
as Mg2+ may therefore be considered as a strategy to enhance in vivo activity and 
improve growth on xylose.
In the current study, we explored two rational enzyme engineering approaches 
using available information on xylose isomerases in order to improve in vivo 
performance of PirXI. In the first approach, we sought to increase the catalytic 
activity by designing mutations using phylogenetic information. We analyzed 
sequences of homologous xylose isomerases and compared them to xylose 
isomerases with higher reported activities. We chose a class I xylose isomerase 
from Actinoplanes missouriensis (AmXI) as the reference because of its high 
activity especially with Mg2+ as the activating metal. The kcat for xylose conversion 
of AmXI is about 4-fold higher than with PirXI while the KM values are very 
similar [24]. In addition, the availability of extensive structural and biochemical 
information on AmXI makes it possible to search for structural explanations for 
differences in catalytic properties. The sequence and structural comparisons 
pointed at various residues as potential targets for engineering. These were 
located at varying distances from the catalytic site. Besides AmXI, we also 
examined XI from Vibrio sp. (ViXI) to support mutant design [16]. Even though 
ViXI belongs to the class II enzymes it shows higher activity with Mg2+ than with 
Mn2+. The reported activity with Mg2+ is about 5-fold higher than that of PirXI. By 
comparing 124 (24 class I and 100 class II) XI sequences and inspecting previously 
solved PirXI structures using AmXI as the reference, we designed 36 mutant 
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PirXIs, which were constructed, expressed in E. coli, purified and characterized 
by activity assays. 
Another approach we used for improving in vivo performance of PirXI was to 
optimize its pH-activity profile for physiological conditions. The intracellular pH 
of S. cerevisiae is known to be around 7.0 or slightly lower while the pH optimum 
of PirXI is above 7.5 [9,25,26]. Furthermore, since the fermentation process would 
be performed with an acidic hydrolysate of hemicellulose as the substrate, the 
in vivo pH of S. cerevisiae may be lower than 7.0. Therefore, we hypothesized 
that lowering the pH optimum of PirXI or increasing enzyme activity at lower 
pH can improve its in vivo performance and growth on xylose. Changing the pH 
optimum of xylose isomerase was explored previously for application in high-
fructose corn syrup production, where acidic conditions are beneficial for the 
reaction equilibrium [27,28]. Xylose isomerases isolated from different organisms 
may show rather different pH optima. Interestingly, some enzymes sharing high 
sequence similarity show different pH optima, indicating that it may be feasible 
to change the pH optimum by replacing just a few amino acids [27,29–32]. 
In order to lower the pH optimum of an enzyme, the pKa of active site residues 
of which the protonation state influences the reaction should be considered. 
If the deprotonated state has higher activity, the pKa of such a group must be 
lowered. His272, together with three acidic residues (Glu269, Asp308 and 
Asp310), coordinates the catalytic metal (M2) and its role was proven through 
several mutagenesis studies [24,33]. To serve as a ligand, the metal-coordinating 
Nε2 atom of the histidine needs to be deprotonated [10]. A loss of metal-binding 
by protonated His272 would certainly influence the activity. Unlike the metal-
coordinating acidic residues which are most likely always deprotonated at S. 
cerevisiae physiological pH, the Nε2 atom with its higher pKa value might become 
protonated when the pH is decreased to below the physiological value. Neutron 
diffraction studies on xylose isomerase from S. rubiginosus have shown that 
around 50% of the Nε2 atoms are protonated, which indicates a pH-sensitive 
and vulnerable coordination between the metal and His272 [10,34]. Therefore, 
we hypothesized that lowering the pKa the of His272 can increase the activity of 
xylose isomerase at lower pH. 
The pKa of a titratable group in a protein is influenced by its electrostatic 
environment [35,36]. Change in electrostatic interactions of a residue can 
be achieved by modification of surrounding charges [36,37]. In particular, to 
lower the pKa of a (de)protonatable side chain, the net positive charge within 
the affected area should be increased either by introducing positively charged 
residues or by removing negatively charged residues [38]. Accordingly, Cha et 
al. previously shifted the pH optimum of xylose isomerase from S. rubiginosus 
to a slightly lower value by removing negatively charged groups located near 
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active site histidines [27]. Considering this principle, we have designed mutations 
to introduce positively charged residues (arginine and lysine) or to remove 
negatively charged ones (glutamate and aspartate). Taking the location and 
predicted effect on stability of the mutations into consideration, 93 PirXI variants 
were constructed and tested for improved activity at lower pH.  
The primary objective of this study is to rationally engineer PirXI to change 
its properties which ultimately can improve the in vivo functional activity 
of the enzyme. In this report, we describe rational mutant design inspired by 
phylogenetic and structural analysis. We also report the construction, screening 
and in vitro characterization of the mutants as well as the effect of promising 
mutations on growth of S. cerevisiae on xylose. Based on the results, we evaluate 
the use of rational engineering of PirXI for improving yeast xylose metabolism.
RESULTS AND DISCUSSION
1. Engineering of PirXI based on phylogenetic analysis
Mutant design and construction 
Despite their highly conserved active sites, xylose isomerases show diverse 
activity profiles, indicating that interactions of second shell and more distant 
residues with catalytic and/or other active site residues influence the catalytic 
properties. Differences in electrostatic environment may have an effect on the 
strength of polarizing interactions with substrate and water and thereby the rate 
of hydride transfer or the rate of other chemical steps in the catalytic cycle. To 
examine the possibility to engineer the activity of PirXI by replacing residues 
that influence electrostatic interactions in the active site, we designed small 
sets of mutants using structural information of PirXI [9] as well as biochemical 
and sequence information on related XIs [16,24]. An important aim was activity 
improvement in the presence of Mg2+ as it is a relatively abundant divalent metal 
ion in vivo [39].  We used in silico methods including sequence and structural 
comparisons to identify promising mutations, paying special attention to the 
sequences of AmXI and ViXI, which are reported to have higher in vitro activity 
than PirXI [16,24].  They also have a metal preference for Mg2+ [16,40], unlike 
PirXI which prefers Mn2+ for activity. Some mutations introducing AmXI and ViXI 
residues in PirXI were expected to improve activity with Mg2+.
For sequence comparison of class I and class II XIs, we generated consensus 
sequences for each class using Geneious. Structure-based sequence alignments 
of PirXI with AmXI, ViXI and the consensus sequences were used for selection 
of target positions (Figure 1). The direct metal-binding residues and other 
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Figure 1. Structure-based sequence alignment of xylose isomerases. 
Fully conserved residues are shown with red background and similar residues are indicated with red-
colored letters. The residues in green background are differently conserved between class I and class 
II enzymes. The cyan background indicates the metal binding residues. The red stars indicate the 
residues that were targeted for phylogenetic approach mutagenesis. A. m: Actinoplanes missouriensis 
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residues which are fully conserved among these proteins were excluded from 
the mutant library design. Of the selected residues, six (indicated in red in Table 
1) show different distribution between the two XI classes. Other residues such as 
Ala55 or Gln60 of PirXI were selected as these amino acids are infrequent at the 
corresponding positions in other class II xylose isomerases. 
According to this comparison, we decided to substitute PirXI amino acids at 
24 selected positions by the corresponding residues in the aligned AmXI or ViXI 
sequence or by the most frequent residue in class I XIs. In the final set of 36 PirXI 
mutants most substitutions are towards the AmXI sequence and a few, such as 
V104T, G147S and H148N, are towards the ViXI sequence (Table 1). Considering 
possible interactions between neighboring residues, 6 double or triple mutants 
were also designed. For example, residue Asn271 is very close to Gly301 so that 
a G301Q substitution adopted from class I XIs might cause a steric clash. Since a 
glycine is present in class I enzymes at the position of Asn271, we designed the 
double mutant N271G-G301Q.  
Library screening 
For screening the designed 36 mutant library, we expressed and purified the 
mutants in 96-well plate format. All variants gave soluble protein and were isolated 
in good purity, similar to wild-type PirXI. Promising mutants were detected by 
measuring activities with Mg2+, Mn2+ or Ca2+ at a high xylose concentration (200 
mM, saturating for wild-type except for Ca2+-bound enzyme) and at a lower near-in 
vivo concentration (5 mM). The effect of the mutations on the isomerase activities 
seemed to be metal-dependent. Most variants showed an activity change which 
was more pronounced for one of the metals (Figure 2). For example, mutations 
that improved activity with Mg2+ decreased or did not influence activity with Mn2+. 
Similarly, mutants with improved activity with Mn2+ were less affected in Mg2+-
dependent activity. A few mutations improved the activity with Ca2+, especially 
the triple mutant C54R-A55W-V104T had an 8-fold higher activity with this metal 
than wild-type XI. 
Given the importance of Mg2+ for the in vivo activity of PirXI, as suggested by 
high in vivo availability of Mg2+ [39], we selected mutants that showed increased 
activity with Mg2+ for further verification. These are variants A55W, Q60A, Q60P, 
A55W-Q60A, A55W-Q60P, C54R-A55W-V104T, and A55W-E56G-N71L. In addition, 
we selected the PirXI mutants T248V and V270I since these showed increased 
activity with Mn2+ while maintaining activity with Mg2+. The selected variants 
were biochemically characterized and their performance in S. cerevisiae was 
examined (see below).
The variants W140M, G301Q and T309N showed decreased activity with 
all metals indicating that the replaced residues are important for PirXI activity 
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Table 1. PirXI mutations designed based on phylogenetic information.
Mutations PirXI Class I* AmXI Class II* ViXI Remarks
A55W A55 W, N, Y, V W W, A, G, M W At the potential substrate entrance
A58R A58 R, A R A, G, T, S A At the butterfly dimer interface
Q60A
Q60 P, A P P, M, Q, I, V I At the butterfly dimer interface
Q60P
V104D
V104 D, N, E D V, A, R, T, R, I T On the second shell, next to the ring opening residue Asp105V104N
E109F E109 F, R F E, D, T E At the potential substrate entrance and near surface
W140M W140 M M W W Near the substrate and metal M1
G147T
G147 T, S T S, T, G, D, T, l, M S At the potential substrate entrance
G147S
H148N H148 H, D, A H N, H N At the butterfly dimer interface
L231A L231 A A L, Y L On the second shell
Q243I Q243 I I Q Q On the second shell. Possible interaction with Lys235
T248I





V270 V, T, F T A, Q, V, C, T A Near the metal M2 binding site, in between conserved residuesV270A
V270I
N271G N271 G, A G N, G N Near active site. Possible interaction with a metal binding residue Asp308
A273D A273 E E A A On the second shell 
T274Q
T274 Q, T Q T, I, W T At the diagonal dimer interface
T274W
L275M L275 M M L L On the second shell
G301Q G301 Q Q G, N, R G At the diagonal dimer interface
T309Q
T309 Q Q T, I, W T in between two Asp308 and Asp 310 residues which bind the metal M2T309N
K342R K342 K, H K K, H K Interaction with the metal M2 binding residue Asp310
T343P T343 P, A P V, L, T, A V On the second shell 
R344S R344 P, S, L S R R Interaction with Lys342
C54R-A55W-
V104T C54 C, V, T, A, R, G, D R
A55W-E56G-
N71L
E56 Q, T, V, E Q N, P, E, D, T, G G At the potential substrate entrance. 
Possible interaction between Glu56 
and Asn71N71 - - Q, F, D, N, l, H, E L
A55W-Q60A
A55W-Q60P
N271G-G301Q Interaction between N271 and G301 may be replaced by G271 and Q301
*Amino acids are ordered by abundancy at each position of xylose isomerases within the classes.  
Residues indicated in red are differently conserved between class I and class II XIs.
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independent of the nature of the bound metal. Most other mutations tested did 
not change the activity. Residue Trp140 is located in the vicinity of the active site 
near C5 of xylose. This Trp is fully conserved in class II enzymes while all class 
I XIs have a methionine at this position. An exception to this is a novel class I 
xylose isomerase from Streptomyces sp. F-1 that has an Ala at the corresponding 
position which contributes to the different catalytic properties of this ortholog XI 
[41]. The activity loss caused by the W140M mutation is not easily understood 
from an inspection of the structure. It is possible that the additional space created 
by the W140M substitution lower the activity. In an earlier study on a class II XI 
from Clostridium thermosulfurogenes, it was shown that substitutions of this Trp 
to a smaller aromatic residue (Phe or Tyr) decreased the enzyme activity on xylose 
drastically while improving the activity towards glucose especially by lowering 
the KM [42]. This indicates that the Trp in class II XIs may play a role in proper 
xylose binding even though X-ray structures show no apparent interaction with 
the substrate such as ring stacking. The loss of activity of the G301Q enzyme 
is probably caused by clashing with Asn271. These residues are conserved in 
pairs: Asn271-Gly301 in class II enzymes and Gly219-Gln249 in class I XIs (residue 
numbered by AmXI sequence). In fact, mutating both residues (N271G-G301Q) 
recovered the activity of the wild type. 
Characterization of selected variants 
The 9 mutants mentioned above and V270A were expressed at larger scale (50 
ml), purified and their kinetic parameters were measured in the presence of 
Mg2+ or Mn2+ (Table 2). Single mutations in PirXI at positions 55 and 60 (A55W, 
Q60A and Q60P) increased the kcat in the presence of Mg
2+ more than 2-fold. 
Interestingly, while A55W and Q60P maintained the kcat with Mn
2+ or showed a 
slight decrease, Q60A exhibited only half the activity of wild-type PirXI and a 
3-fold higher KM for xylose in the presence of Mn
2+. Combining the mutations 
at these positions (A55W-Q60A and A55W-Q60P) gave no synergistic effect on 
activity in the presence of Mg2+; the double mutants showed kinetic properties 
similar to the single mutants. Rather, the kcat of both double mutants with Mn
2+ 
decreased to half of that of single mutants Q60A and Q60P. 
These results indicate that amino acids at positions 55 and 60 contribute to the 
difference in metal preference of PirXI compared to class I enzymes [14] and ViXI. 
Most xylose isomerases (81% of the class I and 65.7% of the class II enzymes) 
have a Trp at position 55, with varying amino acids at this position in other 
enzymes. Position 55 is at the substrate entrance, not far from the active site and 
the region seems to be spacious enough to accommodate a diverse size range 
of amino acids (Table 1 and Figure 3). AmXI and ViXI also have a Trp at position 
55, but PirXI has an Ala, creating a more spacious active site entrance (Figure 3). 
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The smaller substrate entrance channel in the A55W mutant of PirXI may cause 
the slight increase in KMxylose. Since a hydrophobic environment is required for 
efficient hydride transfer [43,44], we speculate that the presence of the bulkier 
hydrophobic Trp at this position probably causes more efficient shielding of the 
hydride ion from solvent, resulting in increased activity.
At position 60, the most frequent amino acids are Pro and Ala in class I 
enzymes and Pro and Met in class II XIs. Only a few xylose isomerases, including 
PirXI, have a Gln. Residue 60 is located in a loop at the interface of the monomers 
that form the butterfly dimers and is between the conserved Asp59 (in class II 
XIs) and Phe61 (fully conserved in class I and class II enzymes)(Figure 4)[9]. It 
is possible that mutations at position 60 influence the activity by changing the 
interaction between the monomers even though a mechanistic explanation for 
such an effect is lacking. Mutations at either position of the substrate entrance 
(A55W and Q60A/Q60P) increased the KM for xylose compared to the wild type, 
resulting in slightly lower catalytic efficiencies. 
Phe61 residues from chain A and C are part of the active sites of chains B and 
D, respectively, and vice versa, possibly by interacting with Trp189 and providing 
hydrophobicity in the active site. While Asp59 and Phe61 are conserved, residue 
60 is diverse. The Gln residues present at position 60 in PirXI between chains 
A and C and chains B and D are in very close proximity, forming a hydrogen 
bond. In the class I xylose isomerase AmXI, alanines are at this position with a 
distance of 4.5 Å between the carbons of the methyl groups. Here, a hydrogen 
bond between the chains of the butterfly dimer is formed by the nearby Arg23 
residues which corresponds to Ala58 of PirXI (Figure 4). The loss of this inter-
chain interaction in the Q60A and Q60P mutants might change the conformation 
at the substrate entrance, resulting in an increased KMxylose. The interactions that 
cause the increase in catalytic activity (kcat), on the other hand, are difficult to 
identify rationally.
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WT 2.5 ± 0.1 3.5 ± 0.2 714 7.7 ± 0.1 4.3 ± 0.1 1791
A55W 5.3 ± 0.1 10 ± 0.8 530 5.6 ± 0.1 7.5 ± 0.4 747
Q60A 6.3 ± 0.1 12.7 ± 0.7 496 3.7 ± 0.1 15 ± 0.9 247
Q60P 5.9 ± 0.2 11 ± 1.1 536 6.2 ± 0.1 4.6 ± 0.3 1348
A55W-Q60P 5.3 ± 0.2 12.4 ±1.3 427 3.1 ± 0.1 6.1 ± 0.4 500
A55W-Q60A 6.0 ± 0.1 16 ± 0.8 375 1.5 ± 0.1 16 ± 1.4 94
C54R-A55W-V104T 4.0 ± 0.1 6.5 ± 0.4 608 6.7 ± 0.1 8 ± 0.4 838
A55W-E56G-N71L 5.4 ± 0.2 11 ± 1.4 491 5.0 ± 0.1 9.1 ± 0.9 549
T248V 2.7 ± 0.1 4.3 ± 0.4 628 9.0 ± 0.2 4.9 ± 0.5 1818
V270A 3.7 ± 0.1 6 ± 0.5 617 5.4 ± 0.1 7.9 ± 0.4 684
V270I 2.8 ± 0.1 5 ± 0.4 560 9.5 ± 0.2 5.1 ± 0.3 1863
Figure 3. Structural view of the substrate entrance of PirXI (A) and AmXI (B). 
The structures are colored by CPK convention (C = grey, N = blue, O = red, S = yellow). Xylose 
molecules in the active site are shown as yellow sticks and magnesium ions are depicted as light 
green spheres. Ala55 of PirXI and the corresponding residue Trp20 of AmXI are shown as sticks 
and their positions are marked with dotted black circles. 
A B
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Figure 4. Interfaces within the butterfly dimer of PirXI (A, PDB 5NH7) and AmXI (B, PDB 6XIM).
The selected mutations and metal binding residues are shown in sticks. Xylose and Mg2+ are depicted 
as a yellow sticks and green spheres, respectively. 
Variants with additional mutations in the vicinity of Trp55, generating C54R-A55W-
V104T and A55W-E56G-N71L, maintained the activity of the single mutant A55W. 
Although the kcat of variant C54R-A55W-V104T is slightly lower than that of A55W, 
its decreased KM shows that the additional mutations compensate the negative 
effect of the single A55W mutation on substrate binding. The substitutions in the 
triple mutant introduce the same amino acids as present in ViXI. The mutations 
C54R and A55W seem to make the entrance site for the substrate smaller and 
the interaction between Thr104 and Arg54 might further reduce the size of the 
entrance site (Figure 5A, B). In mutant A55W-E56G-N71L, loss of the Glu-Asn 
hydrogen bond (Figure 5C, D) would make the loop on which Trp55 sits more 
flexible, bringing the residue closer to the active site. Whereas it apparently 
does not increase the positive effect of A55W on the catalytic rate, the structural 
changes could improve binding and thereby lower the KM for xylose. 
Mutations at positions 248 and 270 were tested to examine the role of 
hydrophobicity changes near the active site on activity. All class I XIs have 
hydrophobic amino acids (Ala196 in AmXI) at the position corresponding to 
Thr248 of PirXI. Class II XIs also predominantly have a hydrophobic amino acid 
at this position except a few, including PirXI and ViXI, which have a threonine 
and a serine, respectively. We substituted Thr248 of PirXI to either hydrophobic 
residues (Ile, Leu or Val) or to Ser (Table 1). The screening results showed that 
the T248S substitution did not change the activity and replacing Thr248 to Ile or 
Leu decreased activity with both Mg2+ and Mn2+. Interestingly, introducing a Val, 
which is most frequent at this position, increased the activity with Mn2+ slightly 
while maintaining the activity with Mg2+ (Table 2) 
The hydrophobicity of PirXI at position 270 which is located near the M2 binding 
site, also varies among xylose isomerases. We substituted the Val270 of PirXI to 
the polar residue Thr (found in AmXI), or to the hydrophobic residues Ala (present 
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in ViXI) or Ile. These substitutions did not affect the activity with Mg2+. On the 
other hand, in the presence of Mn2+, a slight increase in hydrophobicity (V270I) at 
position 270 improved the activity while mutations reducing the hydrophobicity 
(V270T and V270A) decreased the activity. Mutations that make the active site 
more hydrophobic thus differently change the contribution to catalysis of active 
site Mg2+ and Mn2+. 
                                                                                                                    
     
Figure 5. Xylose isomerase structures at mutation sites. The left panels (A, C) and the right 
panels (B, D) show the structure of PirXI (5NH7) and the YASARA model of the structure of ViXI, 
respectively. The mutated resides of PirXI Thr103, Arg53 and Trp54 are shown in green sticks and 
the corresponding residues in ViXI model structure are shown in cyan sticks. Xylose and Mg2+ are 
depicted as yellow sticks and green spheres, respectively. The metal-binding residues are shown 
as grey sticks. 
547288-L-bw-Lee
Processed on: 21-8-2020 PDF page: 90
90
CHAPTER 3
Effect of PirXI variants on growth of S. cerevisiae on xylose
In order to evaluate the influence of the mutations on in vivo enzyme performance 
and xylose metabolism, we evaluated the growth of S. cerevisiae carrying different 
PirXI variants. Three single mutants with improved Mg2+-dependent activity 
(A55W, Q60A and Q60P) and two single mutants with improved activity with Mn2+ 
(T248V and V270I) were selected and transformed to yeast cells. The double and 
triple mutants were excluded because of the small activity differences compared 
to the single mutants. Although measuring the absolute growth rate in microtiter 
plate format is not very accurate due to volume changes and poorly controlled 
factors such as oxygen availability, the use of parallel cultures of independent 
clones and averaging their growth rates made a reliable comparison of different 
XI variants possible. Surprisingly, all five mutants did not exhibit a positive effect 
on growth on xylose (Figure 6). 
Cells containing the PirXI variants A55W or T248V showed growth curves 
similar to cells expressing wild-type PirXI. The mutant PirXIs Q60A, Q60P and 
V270I seem to negatively affect growth on xylose as cells containing these 
variants grew slower than the wild type and visible growth started 10 – 20 h later. 
It is intriguing that variants with similar kinetic properties show different growth 
properties as indicated by the effect of A55W and Q60P as well as T248V and 
V270I. Overall, the improved in vitro activity of these mutants did not contribute 
to better growth of S. cerevisiae on xylose. One of the possible reasons for this 
discrepancy might be the slightly higher KM of the mutants compared to the wild 
type, although calculated substrate concentrations at which the activity of the 
mutants would be lower than the wild type do not fully support this proposition. 
For example, based on the kinetic parameters of Mg2+-dependent activity, Q60P 
and V270I would have lower activity than wild type at xylose concentrations lower 
than 2 mM and 9 mM, respectively. However, Q60P showed a larger negative 
impact on growth as cells harboring Q60P grew slower than the ones with V270I. 
Furthermore, cells containing A55W of which the activity would be lower than 
the wild type at 2.3 mM of xylose still showed a comparable growth profile to 
the wild-type cells. This indicates that other factors than the measured kinetic 
parameters of the enzymes are responsible for variations of in vivo performance.
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Figure 6. Effect of PirXI variants on growth of S. cerevisiae. 
S. cerevisiae containing the selected PirXI variants were grown on 2 % xylose and growth was 
monitored in a micro-titer plate reader for 120 h. Initial inocula of all cultures were adjusted to OD600 
~ 0.02. In all panels, the green and the red lines show the growth of the wild type and the mutant, 
respectively. Individual lines represent biological replicates.
547288-L-bw-Lee
Processed on: 21-8-2020 PDF page: 92
92
CHAPTER 3
2. Engineering the pH-activity profile of PirXI 
Mutant design and construction 
Considering the sub-optimal activity of PirXI at the physiological pH of S. 
cerevisiae, we pursued an engineering approach aimed increasing in vivo 
performance of PirXI by lowering its pH optimum. For this, we designed mutations 
that would reduce negative charge in the active site, allowing a decrease in 
pKa of active site groups that must be deprotonated for activity and thus may 
downshift the lower limb of the pH-activity curve. We first performed in silico 
design of mutations which would cause an increased overall positive charge of 
the protein. Glutamates and aspartates were individually replaced by glutamine, 
asparagine or alanine. In addition, all negatively charged and neutral residues 
were individually substituted in silico to arginine and lysine. Based on the wild-
type PirXI structure (5NH7), all these mutant structures were modeled using 
YASARA, and their folding energies were subsequently calculated by FoldX 4 
[45]. We excluded potentially unstable mutants with calculated ΔΔGfold of > +5 kJ 
mol-1 from the initially designed mutants. In total 93 variants were selected based 
on structural inspection and predicted stability, giving priority to mutations that 
are closer to the active site. Metal binding residues and other residues important 
for activity of the enzyme were excluded. The 93 mutations were distributed over 
the structure of the protein (Figure 7).
Figure 7. Positions of mutated 
residues for pH-optimum change. 
Xylose (magenta) and the metal-
binding residues are depicted as 
sticks (PDB 5NH7). Mg2+ ions are 
shown as green spheres. Residues 
which were mutated to introduce 
a positive charge or to remove 
a negative charge are shown as 
cyan- and red-colored spheres, 
respectively in a monomer of the 
tetramer structure. 
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pH-activity profiles of the selected variants 
All 93 PirXI mutants were obtained by site-directed mutagenesis and 77 of them 
were expressed and could be purified at small scale using the 96-well plate 
format. The yields of other mutants (T52K, T142R, N144K, M210R, Q243K, D245K, 
D245R, T250K, H282K, G283K, G283N, D289K, D289R, E325K, E325R and T343R) 
were very low, either due to low expression or insolubility. SDS-PAGE analysis 
of randomly selected variants showed that the purity of isolated variants was as 
good as wild-type. 
To identify mutants with decreased pH optimum or increased activity at low 
pH, activities of the PirXI mutants were measured at three different pH values 
(6.5, 7.0 and 7.5) (Figure 8). The variants were re-constituted with Mg2+ which 
is a relatively abundant metal in vivo [46] and gives moderate activity in vitro. 
Generally, each mutation had a similar effect (increasing or decreasing) on the 
activity at all three pH values, and no clear shift of the optimum pH was observed. 
Four mutations (E109A, E109N, E115Q and E184Q) improved activity, especially 
at lower pH (6.5 and 7.0). Interestingly, we noticed that charge differences at 
positions 115 and 184 may contribute to the differences in pH-optimum between 
homologous XIs. XI from Streptomyces rubiginosus (SrXI) shows a pH optimum 
of 8.5 – 8.8 [27] while XI from Streptomyces sp. SK (SskXI) shows a much lower pH 
optimum of 6.0 – 6.5 [30,47] even though they share over 90 % sequence identity. 
The amino acid at position 132 (corresponding to Glu184 of PirXI) is glutamate 
in SrXI but lysine in SskXI. Similarly, residue Glu114 (Glu115 in PirXI) of XI from 
Thermoanaerobacterium thermosulfurigenes (TtXI) is Lys114 in the related XI 
from T. thermosulfurigenes strain JW/SL-YS 489 (JwXI). These two enzymes 
share 97 % sequence identity but JwXI shows a slightly lower pH optimum than 
TtXI [29].
For further analysis, these mutant XIs were expressed at larger scale (50 ml) 
and purified. Activities of freshly purified wild-type PirXI and the mutants were 
measured at four different pH values ranging from 6 to 7.5 (Figure 9). In addition to 
activity measurements with Mg2+, which we were performed in the initial assays, 
we also measured activities with Mn2+ to test the metal-dependence of changes in 
activity. Among the mutants, E109A performed the best in terms of the activities 
in the presence of Mg2+ as well as Mn2+ (Figure 9). The mutant showed up to 1.5 to 
2-fold higher activity than wild-type at low pH with Mn2+ and Mg2+, respectively. 
To a lesser extent, the activities of the other mutants were also increased at all 
pH values, except for mutant E184Q which had lowered activity with Mn2+ at the 
higher pH. 
The results also show that the pH optimum of xylose isomerase variants can 
be influenced by the type of activating metal [9,14]. In the presence of Mg2+ as 
the activating metal, the pH optimum of the mutants E109A, E109N and E184Q 
547288-L-bw-Lee
Processed on: 21-8-2020 PDF page: 94
94
CHAPTER 3
decreased slightly giving a maximum activity at pH 7.0 and 7.5, in contrast to the 
wild-type pH optimum of >7.5. Activity of all four PirXI variants and of the wild-type 
XI drastically decreased at pH 6. Although less drastic, the activity of wild-type 
PirXI with Mn2+ also decreased at lower pH, similar to our previous observations 
[9]. The mutant E115Q showed a similar pH-activity profile in the presence of 
Mn2+ as the wild type but with higher activity at all pH values. Interestingly, in 
the presence of Mn2+ variants E109A, E109N and E184Q did not show a significant 
decrease in activity at lower pH and they displayed the highest activity at pH 6.5. In 
contrast to its increased activity with Mg2+ at all pH values, mutant E109N showed 
decreased activity with Mn2+ over the whole pH range as compared to wild type, 
indicating the effect of a mutation on activity may be strongly metal-dependent. 
It also implies that metal specificity of xylose isomerase can be engineered by 
introducing mutations that influence active site electrostatics, confirming earlier 
work [15]. Overall, the activity with Mn2+ of all variants, including the wild-type 
PirXI, remained relatively high at pH 6.0. This means that if reduced activity at 
low pH is a detrimental for in vivo performance of PirXI, this is not primarily due 
to Mn2+-bound enzyme. Considering all the results, mutant E109A seems to be 
the best variant, showing increased activities at all pH values measured in the 
presence of both Mg2+ and Mn2+. 
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Figure 9. pH-activity profile of selected PirXI variants. Activities were measured with 200 mM 
xylose at 30 °C and pH 6.0, 6.5, 7.0 and 7.5 in the presence of 1 mM Mg2+ (left) or Mn2+ (right). Error 
bars represent the standard deviation of triplicate measurements. 
For precise estimation of pH optima, activities at multiple pH values in the range 
of 5.5 to 8.0 were measured in the presence of Mg2+ (Figure 10, left). The pH 
optimum of variants E109A, E109N and E184Q was around 7.25, which is slightly 
lower than the wild-type pH optimum of around 7.5. For possible synergistic 
effects on lowering the pH optimum, we constructed a double mutant E109N-
E184Q. Indeed, combining the single mutations seemed to have an additive effect 
since the double mutation further decreased the pH optimum of the enzyme to 
around 6.75. However, the overall activity of the double mutant was decreased 
compared to the single mutants. Interestingly, activities of the double mutant at 
pH below 6.75 remained higher than the activities of the wild-type XI. 
Figure 10. Effect of combining single mutations (left) and effect of charge inversion (right) on 
PirXI pH-activity profile. Activities on 200 mM xylose were measured at 30 °C in the presence of 
1 mM Mg2+. The error bars represent the standard deviation of duplicate measurements. 
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The number of charges that is changed in the active site is expected to affect 
the magnitude of the pH optimum shift, provided that a mutation itself does 
not directly interfere with activity. As an example, we examined the influence 
of different mutations at position Glu184 on the pH optimum (Figure 10, right). 
In contrast to the insignificant effect on the pH optimum of removing negative 
charge (E184Q and E184A), introducing a positive charge (E184K) resulted in a 
more obvious change in pH optimum. Mutant E184K showed a pH optimum shift 
to around 7 and a greater activity increase at lower pH compared to E184Q and 
E184A. As mentioned above, the amino acid at the corresponding residue is Lys in 
SskXI whose pH optimum is more than 2 units lower compared to the very close 
homolog SrXI confirming the large impact of this residue on the pH optimum.
The screening results showed that there are several other potential mutants 
such as Q60R, V104R and G147R with a shifted pH optimum. From the activity 
measurements at 3 different pH values, we suppose that the pH optimum of the 
mutants was lowered because activity was mainly reduced at the higher pH. 
Although these mutants were not characterized further in view of the reduction in 
catalytic activity, it supports the principle that altering electrostatics by lowering 
the pKa of nearby groups shifts the pH-activity profile to lower pH values in xylose 
isomerase. Previously, removing a negative charge at the residue corresponding 
to Val104 of PirXI in XI from Streptomyces rubiginosus (D54N) was shown to 
lower the pH optimum of the enzyme about by 0.5 unit [27]. Interestingly, residue 
Val104 in PirXI is located adjacent to Glu109, close to the active site, and removing 
negative charge at this position (E109A) lowered pH optimum while improving 
the overall activity of the enzyme as described above. 
Figure 11. Distances 
between the selected 
mutated residues and 
His272. 
Metal binding residues (grey) 
and substrate xylose (yellow) 
are shown in sticks and Mg2+ 
ions are depicted in green 
spheres. The distances from 
the side chain oxygen atoms 
to Nε2 are shown in yellow 
dotted lines. 
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Mutations close to the active site were expected to have a larger effect on the 
pKa and thus more likely affect activity  [38]. Interestingly, the pH optimum of 
PirXI was influenced more by mutations distant from the active site than by 
nearby mutations (Figure 11). The distance of the metal-ligand His272 Nε2 to 
the side-chain oxygen atom of the nearest mutated Glu residue is around 20 Å. 
The distance to Glu115, which is located at the surface of the protein, is even 
larger, around 30 Å. A change in the active site pKa by long range electrostatic 
interactions was shown in previous studies [48,49]. 
The screening results showed that some mutations significantly decreased 
activity (Figure 8) for some of which the loss of activity can be rationalized. Thr142 
seems important for binding of xylose via a water molecule and perturbing these 
connections by the T142K mutation caused loss of activity. His51 and Asn269 
interact with metal binding residues Asp340 and Asp308, respectively. Mutation 
of these residues to Lys or Arg may perturb the orientation of the connected 
metal-binding residues, disturbing metal binding. Residues Val270 and Asn271 
are near the active site with the side chains pointing away from the active site, 
and substitution of these residues to a bulky Arg inactivated the enzyme probably 
due to difficulties in accommodating a bulky positively-charged group. The loss 
of activity in other inactive mutations seems to be due to disturbed interactions 
between monomers as all affected residues are located at interfaces.  
Effect of net charge on the metal specificity 
Previously, a study of AmXI showed that mutation E186Q near the active site 
lowered the pH-optimum and drastically decreased activity with Mg2+ while 
increasing activity with Mn2+ at low pH [15]. In order to see the effect of the 
mutation on PirXI, we produced mutant E238Q. Activity of the mutant was 
drastically decreased especially with Mg2+ as the cofactor (Figure 12A). The pH-
optimum of the mutant enzyme decreased especially in the presence of Mn2+, 
giving a maximum activity at pH 6.0. This mutant also showed a significant 
increase in activity with Ca2+, a metal that barely activates the wild-type enzyme 
(Figure 12B). Apparently, perturbation of charges does not only influence the 
pH optimum of the enzyme but also influences metal dependence of activity. 
Specifically, removing a negative charge decreased PirXI activity with Mg2+ 
significantly. 
To further investigate the effect of a negative charge removal on the metal 
dependent activity decrease, we constructed double mutants that either restore 
the removed negative charge (Q60E-E238Q), maintains the decreased negative 
charge (Q60A-E238Q) or further increases the unit change of the net charge 
(Q60K-E238Q). The results of activity assays showed that changing the net charge 
significantly affects the metal specificity of the enzyme even when two mutated 
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residues are far away (around 17.5 Å) from each other (Figure 12B). When the 
negative charge removed by E238Q was recovered by additional mutation of 
Q60E, producing Q60E-E238Q, the lost activities with Mg2+ and Mn2+ were restored. 
Furthermore, the activity with Mg2+ of this double mutant even slightly increased 
compared to the wild type. Interestingly, the increase in activity with Ca2+ caused 
by mutation E238Q vanished by addition of Q60E, the double mutant showing 
even lower activity with Ca2+ than wild type. This suggests a possibility that some 
potential mutants in the library with shifted pH-optimum were undiscovered due 
to a decreased activity with Mg2+ caused by removed negative charges. Lowering 
the pH optimum of PirXI while maintaining or increasing activity especially with 
Mg2+ seems to be almost incompatible. Therefore, to find a ‘sweet spot’ of the 
enzyme to decrease the pH optimum while not affecting the metal reactivity is 
challenging.
Figure 12. Effect of mutations influencing net charge change on the metal- and pH-dependence 
of PirXI activity. (A), Activities of variant E238Q were measured at a pH range between 5.5-8.0 
in the presence of 1 mM Mg2+ or Mn2+. (B), Metal specificity of E238Q and double mutants with 
different net charges were measured in the presence of 1 mM Mg2+, Mn2+ or Ca2+.  All measurements 
were performed at 30 °C with 200 mM xylose (for Mg2+- and Mn2+-dependent activities) or 1 
M xylose (for Ca2+-dependent activity). Error bars represent standard deviations of duplicate 
measurements.
Effect of pH-optimum change of PirXI on growth of S. cerevisiae 
Following the discovery of PirXI variants with increased activity at lower pH, we 
evaluated their in vivo performance. The growth of S. cerevisiae bearing the PirXI 
variants E109A, E109N or E115Q on xylose medium was tested (Figure 6). We 
chose these three variants because of their higher activity with Mg2+ at all pH 
values compared to the wild type. Unexpectedly, all three mutant PirXIs did not 
influence the growth of the cells on xylose, revealing no visible differences in 
growth performance compared to S. cerevisiae expressing wild-type PirXI. This 
indicates that even the clearly improved activity found with variant E109A, both 
A B
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with Mg2+ and Mn2+, did not contribute to faster xylose metabolism. This further 
implies that actual in vivo catalytic performance is poorly predicted by examining 
these mutations under in vitro conditions. In addition, the lower activity with Mn2+ 
of the E109N mutant compared to wild-type PirXI does not seem to seriously 
disturb the in vivo performance of the enzyme as reflected by xylose-supported 
growth. 
CONCLUSION
We have employed two approaches for rational engineering of PirXI to detect 
structural features that influence in vitro catalytic activity and to ultimately 
obtain variants with better in vivo performance for growth of S. cerevisiae on 
xylose. To increase the chance of discovery of relevant mutations, we exploited 
computational screening of mutations at rationally selected positions to dismiss 
potentially unstable mutants and used medium-throughput 96-well plate methods 
for construction, purification and activity screening. Except for a few mutants 
which were poorly expressed, we obtained sufficient purified enzymes from 1 ml 
cultures of the desired mutants to allow initial activity screening. 
Through the rational engineering and screening by in vitro activity assays, we 
discovered several improved PirXI variants with different desired kinetic properties 
– increased activity with Mg2+ and lowered pH optimum. Characterization of 
these new XI mutants can provide further insights in the structure – function 
relation of the enzyme. Even though the beneficial effect of mutations at residues 
such as Gln60 and Ala55 on the metal specificity of XI is not easily predicted or 
explained by inspection of structures, comparing enzymes which show different 
metal preferences did reveal them. We have also shown that charge-changing 
mutations at a location distant from the active site can effectively alter the pH 
optimum of XI, probably by long-range electrostatic interactions or unknown 
dynamic effects. When changing the pH optimum by doing so, careful inspection 
is required as the pH optimum change of XI is metal-dependent.    
 As opposed to our prediction that these mutants with enhanced activity would 
improve growth on xylose when introduced in S. cerevisiae, there appeared to be 
a disconnect between the in vivo performance and in vitro activity of the enzyme. 
Despite the improved activity, especially with Mg2+, the mutant PirXIs did not 
really affect the growth of yeast on xylose. Mutants Q60A, Q60P and V270I even 
seem to have a slightly negative effect on growth. Several studies have shown 
that xylose isomerase is a limiting factor for optimal xylose utilization, which was 
indicated by the high copy number of XI gene and the subsequent over-expression 
of the enzyme [4,6,50] as well as by the improved xylose fermentation through 
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engineered XIs [51,52]. However, the insignificant effect of the engineered PirXI 
on growth shown in this study suggest that in vitro enzyme activities which are 
measured in defined conditions do not necessarily well reflect the in vivo enzyme 
activity which is affected by unpredictable factors such as metal availability and 
possible competition with other metalloenzyme. It is also possible that the over-
expression of XI in the S. cerevisiae cultures with improved growth on xylose 
may not be directly related to the enzyme activity per se but could be due to a 
regulatory response to this unnatural carbon source. Metabolic flux and signaling 
pathway studies have shown an unexpected cellular response of S. cerevisiae on 
xylose which resembles that on carbon starvation [53,54]. An unknown factor 
in this response might have caused the high expression of the heterologous 
enzyme, even if not necessary for rapid growth. 
We conclude that it is possible to improve the xylose isomerase activity 
through rational engineering. However, from an applicational point of view, we 
encountered some limitations to the two engineering approaches employed, 
especially concerning the in vivo performance of the selected mutants. To 
overcome these limitations, in vivo selection of the enzyme through a directed 
evolution approach can be performed and further characterization of selected 
enzymes may help understanding of the properties that limit the optimal growth 
of S. cerevisiae on xylose. 
MATERIALS AND METHODS 
Strains and plasmid constructs 
For construction and expression of PirXI variants we used E. coli strain Neb10ß 
and a codon-optimized xylA gene cloned in a pBAD/myc-His-derived plasmid 
(Invitrogen), as described in a previous study [9]. To test in vivo perform ance of 
PirXI variants, the S. cerevisiae codon-optimized PirXI gene-expression cassette 
PTPI1_XylA_TCYC1 was obtained from the group of Prof. Jack Pronk (TU Delft) and 
cloned into the 2µ plasmid pRS426-URA using SacI and SalI restriction sites. 
Using this construct and constructs with relevant PirXI mutations, we expressed 
PirXI variants in CEN.PK derived S. cerevisiae strain DS75543.
Design of PirXI mutants 
For mutant design based on the phylogenetic information, the sequence 
(accession P10654) and structure (PDB 5XIN) of xylose isomerase from 
Actinoplanes missouriensis (AmXI) were used as a reference.  The sequence of 
xylose isomerase from Vibrio sp. (ViXI, accession C7G532) was also used for 
comparison. Since the structure of ViXI was not available, a homology model 
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was created using YASARA. A crystal structure of PirXI (5NH7) was used as the 
template. For consensus sequence analysis, a multiple sequence alignment of 
sequences from 100 class II and 24 class I xylose isomerases was performed.
Structure-based sequence alignment 
Structure-based sequence alignments of PirXI (5NH7), AmXI (6XIM), ViXI 
(homology model), and class I and class II consensus sequences were performed 
using Promals3D [55]. The consensus sequences were generated based on 24 
class I and 100 class II sequences using Geneious 8.1.5 (https://www.geneious.
com). The alignment figure was created using ESPript [56]. 
Site-directed mutagenesis 
All mutants were constructed by QuikChange site-directed mutagenesis. For PCR, 
PfuUltra II Hotstart master mix (Agilent) was used in 20 µl total reaction volumes 
following the manufacturer’s instructions. Subsequently, 20 U of DpnI was added 
to the reaction mixture, which was incubated at 37 ˚C for 3 h. Next, 5 µl of the 
reaction mixture were used to transform 50 µl Neb10ßcells. The transformation 
of RbCl2-competent Neb10ßcells was done using a heat-shock method. After the 
heat-shock, 500 µl of LB medium were added and the cells were incubated for 
30 min at 37 ˚C. In view of the large number of mutants, the aforementioned 
steps were carried out in 96-well plate format. For plating transformed cells, 
24-well plates containing LB agar with 50 µg·mL-1 ampicillin were used. 50 µl of 
cell-suspension were added to each well followed by gentle swirling for equal 
distribution of the cells. The plates were dried and subsequently incubated 
overnight at 37 ˚C, after which individual colonies were picked.
Expression and purification of PirXI 
We expressed PirXI by growing the transformed E. coli cells overnight under 
inducing conditions (0.2% arabinose added) in TB medium at 37˚C. For screening 
enzyme activity, expression was performed at small scale using 96-well format 
plates. In a 96-well deep-well plate, 200 µl LB medium was inoculated with 
Neb10ßcells containing PirXI variants and the plates were incubated at 37˚C for 
8 h. Subsequently, 1 ml TB medium containing 50 µg·mL-1 ampicillin and 0.2 % 
(w/v) arabinose were added and cells were cultivated overnight at 37 ˚C. Cells 
were harvested and washed with 20 mM Tris·HCl (pH 8.5) and subsequently 
resuspended with 400 mL of lysis buffer (20 mM Tris·HCl, pH 8.5, 5 mM MgCl2, 1 
mg·mL-1 lysozyme, 0.05 mg·mL-1 DNase) and incubated for 30 min at 30 °C. The 
cell suspension was then frozen and kept at -80 °C for 45 min and thawed in a 30 °C 
water bath (approximately 20 min). The cell lysates were spun down at 2250xg 
and 4 °C for 45 min. The cell-free extracts were incubated in a 96-well filter plate 
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(AcroPre, Advance by Pall Corporation) for 30 min with 100 µl of anion exchange 
resin (Q-Sepharose Fast Flow, GE Healthcare Life Sciences, pre-equilibrated with 
20 mM Tris·HCl pH 8.5). By centrifugation at 50xg for 2 min, unbound protein 
(flow-through fractions) was removed and the resins were washed with 1 ml of 
20 mM Tris·HCl, pH 8.5. PirXI was eluted with 200 µl of 20 mM Tris·HCl, pH 8.5, 
containing 100 mM KCl, by centrifugation at 50xg for 2 min. The yield of isolated 
enzyme varied between individual variants in the range of 0.02 to 0.3 mg per mL 
of culture.
For purification of PirXI expressed at larger scale (> 50 ml), the cells were 
lysed by sonication with a VibraCell VB 18 instrument (Sonics) for 3 min at 70% 
amplitude (2 s on, 3 s off). The cell lysates were then centrifuged at 17,000xg and 
4 °C for 30 min. The purification of XI variants was performed in a gravity-flow 
ion-exchange chromatography column (Econo-pac by Bio-Rad) using the buffers 
mentioned above. One ml of resin was used per 50 ml culture and the protein was 
eluted with 2 column volumes of elution buffer. Purification of PirXI from > 50 
ml culture generally yielded 300 – 500 mg protein per L culture. The single-step 
purification method using ion-exchange chromatography provided high level 
purity of the protein – no major contaminants were visible by SDS-PAGE analysis. 
Preparation of apo-enzyme
In order to measure enzyme activity with controlled metal composition we used 
apo-enzyme reconstituted with the metal of choice. Apo-enzyme was prepared 
by incubating xylose isomerase with 10 mM EDTA overnight at 4 ˚C. Excess 
EDTA and EDTA-metal complexes were removed by exchanging the buffer to 20 
mM MOPS, pH 7. For enzymes purified in 96-well format this was done using 
a 96-well desalting plate (PD MultiTrap G-25 by GE Healthcare) following the 
manufacturer’s manual. Buffer exchange of enzyme purified at larger scale was 
performed using a centrifugal filter tube (Amicon Ultra Centrifuge Filter 30K by 
Millipore). The EDTA and the EDTA-metal complexes were diluted out at least 
1500-fold by repeated addition of new buffer and centrifugation at ca. 3,000xg 
and 4 °C. 
Activity assays
Activities of PirXI variants were measured using a sorbitol dehydrogenase (SDH)-
coupled spectrophotometric assay as described in our previous report [9]. Unless 
otherwise stated, the reactions were performed at 30 °C, pH 7.0 (20 mM MOPS) 
with 1 mM divalent metal, 200 mM xylose, 0.15 mM NADH and 1 U/ml SDH and 
initiated by addition of 0.05-0.2 µM apoXI. Kinetic parameters of XI for d-xylose 
were determined by measuring XI activity with varying d-xylose concentrations 
in the range of 0.04 to 1875 mM, depending on the metal cofactor used. For pH 
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profiling of PirXI activities, 100 mM of MES (for pH 5.5 and 6.0), MOPS (for pH 6.5, 
7.0 and 7.5) and EPPS (for pH 8.0) were used. We tested the PirXI activity at pH 6.5 
with both MES and MOPS and at 7.5 with both MOPS and EPPS. As we observed 
no significant effect of the type of buffer on PirXI activity, we used these buffers 
at the given pH values for further assays. 
Transformation of S. cerevisiae 
 Prior to S. cerevisiae transformation, PirXI variants were constructed in the pRS426-
URA vector, which was amplified in and isolated from E. coli. Transformation of S. 
cerevisiae strain DS75543 was done using the LiAc/SS carrier-DNA/PEG method, 
following a protocol established by Gietz et al. [57]. The duration of the heat 
shock optimized for strain DS75543 was approximately 1 h. The transformants 
were plated on solid Verduyn medium [58] containing 2 % glucose and incubated 
at 30 ˚C for 2 – 3 days.  
Growth of yeast on xylose 
Growth rates of S. cerevisiae DS75543 transformants containing PirXI variants 
were measured using a microtiter plate reader (Synergy H1, BioTek). Single 
colonies of transformed yeast cells were inoculated in 500 µl 2 % glucose Verduyn 
medium in 96-deep-well plates and grown overnight at 30 ˚C with shaking. The 
next morning, the cultures were normalized to an OD600 of 0.5 and cultivated 
until the mid-exponential growth phase. The cultures were then washed with 1 
ml of Verduyn medium (without sugars) and resuspended in Verduyn medium 
supplemented with 2 % xylose. The cultures were diluted into 200 µl 2 % xylose 
Verduyn medium in 96-well cell culture plates (Eppendorf) to an OD600 of 0.02. 
Plates were covered with optically clear gas-permeable seals (Breathe-Easy, 
Diversified Biotech) and the cultures were grown in the plate reader (30 ˚C, 
continuous linear shaking at 731 cpm). Growth was monitored by measuring 
OD600 in 30 min intervals.  
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Combined overexpression of xylulokinase, pentose-phosphate-pathway 
enzymes and a heterologous xylose isomerase (XI) is required but insufficient 
for anaerobic growth of Saccharomyces cerevisiae on d-xylose Single-step Cas9-
assisted implementation of these modifications yielded a yeast strain expressing 
Piromyces XI that showed fast aerobic growth on d-xylose However, anaerobic 
growth required a 12-day adaptation period. Xylose-adapted cultures carried 
mutations in PMR1, encoding a Golgi Ca2+/Mn2+ ATPase. Deleting PMR1 in the 
parental XI-expressing strain enabled instantaneous anaerobic growth on d-xylose 
In pmr1 strains, intracellular Mn2+ concentrations were much higher than in the 
parental strain. XI activity assays in cell extracts and reconstitution experiments 
with purified XI apoenzyme showed superior enzyme kinetics with Mn2+ relative to 
other divalent metal ions. This study indicates engineering of metal homeostasis 
as a relevant approach for optimization of metabolic pathways involving metal-
dependent enzymes. Specifically, it identifies metal interactions of heterologous 
XIs as an underexplored aspect of engineering xylose metabolism in yeast.
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MUTATIONS IN PMR1 STIMULATE XYLOSE ISOMERASE ACTIVITY AND ANAEROBIC GROWTH 
ON XYLOSE OF ENGINEERED SACCHAROMYCES CEREVISIAE BY INFLUENCING MANGANESE HOMEOSTASIS
INTRODUCTION 
In conventional feedstocks for fermentative production of fuel ethanol, such 
as corn starch and cane sugar, carbohydrates predominantly occur as dimers 
or polymers of hexose sugars. These hexose sugars can be efficiently and 
rapidly fermented by Saccharomyces cerevisiae. Economically feasible ethanol 
production from non-food lignocellulosic feedstocks additionally requires 
efficient, anaerobic fermentation of d-xylose and l-arabinose [1,2]. Although wild-
type S. cerevisiae strains cannot ferment these pentose sugars, they can slowly 
convert d-xylulose [3].
In yeast species that can grow on d-xylose such as Scheffersomyces stipitis, its 
metabolism is initiated by a two-step conversion into d-xylulose by the combined 
activity of a xylose reductase (XR) and a xylitol dehydrogenase (XDH) [4]. The 
different redox cofactor preferences of XR and XDH represent a challenge in 
their use for constructing d-xylose-fermenting S. cerevisiae strains. This redox 
problem causes the production of substantial amounts of xylitol by anaerobic 
cultures of such engineered strains [5–7]. Elegant engineering strategies in which 
cofactor specificities of XR and/or XDH were altered, have not yet completely 
eliminated the formation of this by-product [8,9]. In bacteria, d-xylose conversion 
is often initiated by its direct isomerization to d-xylulose, catalyzed by xylose 
isomerase (XI) (EC 5.3.1.5). Until 2003, attempts to express heterologous XI genes 
in S. cerevisiae yielded no or very low XI activities under physiologically relevant 
conditions[10–13]. Then, multi-copy expression of a newly discovered xylose 
isomerase gene (xylA) from the anaerobic fungus Piromyces sp. E2 [14] was 
shown to yield high XI activity in cell extracts of S. cerevisiae [15,16]. Piromyces 
xylA shows strong sequence similarity with Bacteroides XI genes, suggesting that 
the fungus acquired the gene by horizontal gene transfer. Indeed, expression of 
XI genes from Bacteroides species also yielded XI activity in S. cerevisiae [17,18]. 
Consistent with the slow growth of wild-type S. cerevisiae strains on d-xylulose 
[3], functional expression of xylA by itself only enabled very slow aerobic growth 
on xylose [15,16]. Kuyper et al. (2005a) [19] reported that expression of xylA 
combined with constitutive overexpression of the genes encoding the native S. 
cerevisiae xylulokinase (XKS1, EC 2.7.1.17), ribulose 5-phosphate epimerase (RPE1, 
EC 5.3.1.1), ribulose 5-phosphate isomerase (RKI1, EC5.3.1.6), transketolase (TKL1, 
EC 2.2.1.1) and transaldolase (TAL1, EC 2.2.1.2) was sufficient to enable anaerobic 
growth on d-xylose at a specific growth rate of 0.07 h−1. Several subsequent 
studies confirmed that overexpression of a heterologous XI, combined with 
overexpression of xylulokinase and the enzymes of the non-oxidative pentose-
phosphate pathway, is required for fast anaerobic fermentation of d-xylose [20,21]. 
Laboratory evolution experiments designed to further improve the kinetics of 
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xylose fermentation revealed expression of the heterologous XI as a key factor, 
as reflected by amplification of the XI gene via formation of extra-chromosomal 
circular DNA [22] or increased numbers of XI genes on the yeast chromosomes 
[21]. Other studies demonstrated improved xylose fermentation in yeast strains in 
which XI expression was increased by random mutagenesis, codon optimization 
or by mutations influencing protein folding [23–25]. Additional mutations that 
improve pentose-fermentation kinetics, mainly identified by resequencing of 
laboratory-evolved strains, affected structural genes encoding native yeast 
hexose transporters [26–30] and in the ‘secondary’ transaldolase and transketolase 
isoenzymes NQM1 and TKL2 [20,31]. Over a decade of intensive research on 
d-xylose fermentation by XI-based, engineered S. cerevisiae strains yielded many 
important insights into their physiology. However, one important and industrially 
relevant aspect remains incompletely understood. While an initial study [19] 
reported that combined overexpression of xylA, xylulokinase and non-oxidative 
pentose-phosphate pathway enzymes was sufficient to enable anaerobic growth 
of S. cerevisiae on d-xylose subsequent reports indicated that anaerobic growth 
on xylose required additional, as yet unidentified mutations [21,23]. The aim of 
the present study was to investigate the molecular basis for anaerobic growth 
of engineered xylA-expressing, d-xylose-metabolizing S. cerevisiae. To this end, 
we used CRISPR-Cas9 mediated genome editing for single-step construction of 
an S. cerevisiae strain that grew aerobically on d-xylose as sole carbon source. 
After adaptation to anaerobic growth in xylose-grown bioreactor batch cultures, 
we showed that mutations in a single gene enabled anaerobic growth on xylose. 
Via a combination of physiological and enzymological analyses, we investigated 
how these mutations affected intracellular metal homeostasis and d-xylose 
metabolism. 
RESULTS
One-step construction of a xylose-utilizing Saccharomyces cerevisiae strain. 
To construct a xylose-metabolizing S. cerevisiae strain, nine copies of an 
expression cassette containing Piromyces xylA, as well as single expression 
cassettes for constitutive overexpression of the native yeast genes for 
xylulokinase (XKS1) and for the enzymes of the non-oxidative branch of the 
pentose-phosphate pathway (RKI1, RPE1, TKL1, TKL2 and TAL1) were introduced 
in S. cerevisiae CEN.PK113-7D. Additionally, an expression cassette for NQM1, 
a paralog of TAL1 whose duplication has been shown to enhance pentose 
fermentation by engineered S. cerevisiae [31], was introduced. Combination of 
in vivo assembly [32] and CRISPR/Cas9-mediated chromosomal integration [33] 
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enabled a one-step introduction of all expression cassettes in the GRE3 locus, 
thereby inactivating GRE3, which encodes a non-specific aldose reductase that 
can reduce xylose to xylitol [34]. The nine copies of the xylA cassette were 
introduced as tandem repeats to facilitate adaptation of the xylA copy number 
by homologous recombination. Transformants obtained after plating on xylose 
synthetic medium (SMX) plates were restreaked thrice on the same medium. 
The genome of the resulting strain IMX696 (Table 1), in which correct integration 
of the cassettes was confirmed by diagnostic PCR using primers listed in Table 
S3, was sequenced to assess whether mutations had occurred during growth 
on SMX plates. No single-nucleotide polymorphisms (SNPs), insertion/deletions 
in coding regions or changes in chromosomal copy numbers were observed. 
However, read-depth analysis revealed the presence of 36 rather than 9 copies 
of the xylA cassette. This amplification of xylA is consistent with earlier reports 
that showed a positive impact of high xylA copy numbers on xylose metabolism 
by engineered S. cerevisiae strains [21,22,25]. In aerobic shake-flask cultures on 
SMX, strain IMX696 exhibited a specific growth rate of 0.21 h−1 (Figure 1).
Anaerobic growth on xylose requires prolonged adaptation. 
Anaerobic growth of the engineered xylose-fermenting strain IMX696 was 
investigated in nitrogen-sparged bioreactor cultures on SMX, supplemented with 
the anaerobic growth factors Tween-80 and ergosterol. In duplicate experiments, 
CO2 production, which was continuously monitored in the off-gas of the 
bioreactors, was only observed after 12 days of incubation (Supplementary Figure 
S1). To investigate this slow adaptation to anaerobic growth on xylose in more 
detail, the experiment was repeated, with regular analysis of culture viability, 
metabolite concentrations and growth (Figure 2). Again, no significant xylose 
consumption occurred during the first 12 days of the experiment. A subsequent 
increase in biomass concentration coincided with the conversion of xylose to 
ethanol and glycerol. The specific growth rate after the onset of anaerobic growth 
was estimated at 0.11 h-1 based on biomass dry weight measurements during the 
mid-exponential growth phase. Biomass and ethanol yield on xylose were 0.086 
± 0.01 g biomass (g xylose)-1 and 0.382 ± 0.01 g ethanol (g xylose)-1, respectively 
(Figure 2a, Supplementary Figure S2a). The dynamics of adaptation to anaerobic 
growth were further investigated by plating culture samples on synthetic 
medium with either glucose (SMD) or xylose (SMX). Colony counts on these 
plates were determined after aerobic and anaerobic incubation (Figure 2b-e). On 
anaerobic SMX plates, colonies were first observed after 10 d, at which time they 
represented a fraction of only 1.8·10‐4 of the number of cells that were plated. 
Subsequently, consistent with the exponential growth observed by biomass 
dry weight measurements, the fraction of cells capable of anaerobic growth of 
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xylose rapidly increased (Figure 2b). When culture samples were plated on SMD, 
aerobic and anaerobic plates showed similar trends in colony counts (Figure 2d-
e). Conversely, plating on SMX revealed a strong trade-off between the ability 
to grow aerobically and anaerobically on xylose. On aerobically incubated 
SMX plates cell counts did not increase, not even when exponential growth on 
xylose took off during the final days of the bioreactor experiments and strongly 
increasing colony counts were observed on anaerobically incubated SMX plates 
(Figure 2c). 
Table 1. Saccharomyces cerevisiae strains used in this study.
Strain Relevant genotype/description Refer-ence
CEN.PK 113-7D MATa MAL2-8c SUC2 (57)
IMX581 MATa ura3-52 MAL2-8c SUC2 can1Δ::cas9-natNT2 (33)
IMX696




IMS0488 Single-cell line isolated after adaptation of IMX696 to anaerobic growth on xylose (reactor 1) This study
IMS0489 Single-cell line isolated after adaptation of IMX696 to anaerobic growth on xylose (reactor 2) This study
IMX906
MATa ura3-52 MAL2-8c SUC2 CAN1::cas9-natNT2 gre3:: [pTDH3_RPE1- 
pPGK1_TKL1- pTEF1_TAL1- pPGI1_ NQM1-pTPI1_RKI1- pPYK1_TKL2- 
(pTPI1_xylA_tCYC1)*36 pTEF1_XKS1] pmr1Δ::amdSYM pUDE335
This study
IMX979 IMX906 with PMR1 reintegrated at PMR1 locus This study
IMK692 MATa MAL2-8c SUC2 pmr1Δ::amdSYM This study
Native gene terminator sequences were used for expression of RPE1, TKL1, TAL1, NQM1, RKI1, TKL2 
and XKS1.
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Figure 1. Specific growth rates on xylose of S. cerevisiae strains with different PMR1 alleles in 
aerobic cultures. Aerobic growth curves in shake-flask cultures grown on synthetic medium with 
20 g l-1 xylose. Symbols indicate the following S. cerevisiae strains: ●, IMX696 (xylA, PPP↑, XKS1↑), 
■, IMX906 (xylA, PPP↑, XKS1↑, pmr1Δ), ○, IMX979 (xylA, PPP↑, XKS1↑, PMR1), ♦, IMS0488 (isolate 
from IMX696 culture adapted to anaerobic growth on xylose carrying Pmr1G249V mutation) and □ 
IMS0489 (isolate from IMX696 culture adapted to anaerobic growth on xylose carrying Pmr1W387* 
mutation). Data shown are from a single flask experiment for each strain. For all strains, data 
obtained from independent duplicate experiments differed by less than 5%.
Adaptation to anaerobic growth on xylose coincides with mutations in PMR1.   
The dynamics of colony counts on SMX plates (Figure 2b) suggested that 
adaptation to anaerobic growth might have involved one or more mutations. To 
test this hypothesis, the genomes of strains IMS0488 and IMS0489, which were 
isolated from the independent anaerobic adaptation experiments shown in Figure 
2 and Supplementary Figure S2, were sequenced. Read-depth analysis of both 
strains revealed a decrease of the xylA copy number to 24 and 25, respectively, as 
compared to 36 in the parental strain IMX696. No other changes in chromosomal 
copy numbers were observed. Strikingly, both strains carried non-synonymous 
SNPs in the coding region of PMR1 (Table 2), which encodes a high-affinity Golgi 
Ca2+/Mn2+ P-type ATPase [35]. These mutations caused a single amino acid change 
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Figure 2 Anaerobic growth of S. cerevisiae IMX696 (xylA, PPP↑, XKS1↑) on xylose requires a 
prolonged adaptation period. (a) Growth, xylose consumption and product formation after 
inoculation of aerobically pre-grown cells in anaerobic bioreactors containing synthetic medium 
with xylose (20 g l-1). Symbols: ●, xylose, ■, ethanol, ○, biomass, □, glycerol. (b) Colony-forming 
units (CFU) on anaerobically incubated xylose medium reflect adaptation to growth on xylose 
in the absence of oxygen. (c) CFU on aerobically incubated xylose medium reflect trade-off 
between aerobic and anaerobic growth on xylose. (d) and (e) CFU on anaerobically and aerobically 
incubated glucose medium, respectively, showing that oxygen sensitivity of cells adapted to 
anaerobic growth on xylose is not carbon-source dependent. Data shown in figure are from one 
of two independent replicates, the replicate experiment is shown in Supplementary Figure S2. 
Mutations in PMR1 enable anaerobic growth on xylose. 
To investigate the role of the PMR1 mutations in the adaptation to anaerobic 
growth on xylose, the gene was deleted in the parental strain IMX696. In replicate 
anaerobic bioreactor cultures on xylose, the resulting strain IMX906 grew within 
24 h and completely consumed all sugar within 70 h (Figure 3). The specific 
growth rate of both cultures was 0.08 h−1, while biomass and ethanol yields on 
xylose were 0.086 g ± 0.01 biomass (g xylose)−1 and 0.40 g ± 0.01 ethanol (g 
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xylose)−1, respectively. To further investigate the role of the PMR1 deletion in 
the instantaneous anaerobic growth of strain IMX906 on xylose, the wild-type 
PMR1 allele was reintegrated in this strain. The resulting strain IMX979 showed 
a lag phase of over 250 h in duplicate anaerobic bioreactor cultures on xylose 
(Supplementary Figure S1), thereby confirming the key role of PMR1 inactivation 
in the ability of engineered, XylA-based S. cerevisiae to grow anaerobically on 
xylose. The plate count experiments during the anaerobic adaptation phase on 
xylose suggested a trade-off between aerobic and anaerobic growth on xylose 
(Figure 2b, c). This possible trade-off was further explored by growth experiments 
in aerobic shake flasks on SMX. In these experiments, strains in which PMR1 was 
mutated or deleted consistently showed a lower specific growth rate than strains 
that carried a wild-type PMR1 allele (0.10 h−1 and 0.21 h−1, respectively; Figure 1). 
Furthermore, aerobic xylose-grown shake-flask cultures of strains with mutated 
PMR1 alleles accumulated ethanol to 3–4-fold higher concentrations than 
corresponding cultures of strains with wild-type PMR1 alleles (Supplementary 
Figure S3). Consistent with previous results [36], aerobic shake flask cultures 
growing on glucose also revealed an approximately 50% reduced growth rate of 
the pmr1Δ strain IMK692(Supplementary Figure S4).
Table 2: Single-nucleotide mutations in engineered S. cerevisiae strains adapted to anaerobic 
growth on xylose.
Strain Gene Nucleotide change Amino acid change Change in codon
IMS0488 PMR1 G746T G249V gGt/gTt
IMS0489 PMR1 G1161A W387* tgG/tgA
Strains IMS0488 and IMS0489 were isolated from independent anaerobic batch cultures of strain 
IMX696 (xylA, PPP↑, XKS1↑). The genome sequence of IMX696 was used as a reference.
* introduction of stop codon.
Mutations in PMR1 affect intracellular metal concentrations in xylose-metabolizing 
S. cerevisiae strains. 
Pmr1 is an ATP-dependent transporter that imports Ca2+ and Mn2+ into the Golgi 
complex [37]. Based on the observation that pmr1 null mutants accumulate Ca2+ 
and Mn2+ intracellularly, Pmr1 has also been implicated in secretion of divalent 
metal ions via the Golgi complex [38]. To explore a possible relation between 
metal homeostasis and anaerobic growth on xylose, we analyzed intracellular 
concentrations of Ca2+, Mn2+, Mg2+ and Fe2+ in biomass samples from anaerobic 
mid-exponential phase bioreactor cultures using inductively coupled plasma 
mass spectrometry. Contents of Mg2+, Ca2+ and Fe2+ were similar in all analyzed 
strains, with Mg2+ accounting for over 80% of the analyzed divalent metal ions, 
followed by Ca2+, and with Fe2+ accounting for less than 1% of the measured 
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metals. Conversely, large differences were observed for the Mn2+ content. While 
in strains with a wild-type PMR1 allele, Mn2+ represented less than 0.2% of the 
measured metal ions, 12- to 29-fold higher Mn2+ contents were observed in strains 
with mutated PMR1 alleles, irrespective of whether they were grown on xylose 
or glucose (Table 3). The observation that mutations in PMR1 affected cellular 
contents of Mn2+ but not those of Ca2+ is consistent with a previous study [39].
Figure 3. Deletion of PMR1 enables anaerobic growth on xylose of engineered S. cerevisiae without 
prior adaptation phase. Growth and product formation of S. cerevisiae strain IMX906 (xylA, 
PPP↑, XKS1↑, pmr1Δ on xylose (20 g l-1) in anaerobic bioreactors. Symbols: ●, xylose, ■, ethanol, ○, 
biomass, □, glycerol. The data shown are from one of two independent replicates. 
Activity and metal content of xylose isomerase purified from S. cerevisiae strains. 
Laboratory evolution studies have identified XI activity as a key factor in rapid 
fermentation of xylose to ethanol [16,21,22]. XI enzymes are known to be metal 
dependent, with pronounced differences in metal binding and impact of metal 
identity on enzyme kinetics [40]. To examine the impact of Mn2+ on XylA activity, 
XI activities were assayed in cell extracts of strains IMX906 (pmr1Δ) and its 
parental strain IMX696 after aerobic and anaerobic growth on SMD in shake-flask 
cultures (Supplementary Figure S5). Cell extracts from both strains exhibited 
similar activities in assays without added metal ions. These activities do not 
necessarily reflect in vivo metal binding as they may, for example, have been 
influenced by binding of metals released during preparation of cell extracts, e.g. 
by disruption of vacuoles. Addition of Mn2+ and, to a lesser extent, of Mg2+ to the 
XI assays yielded significantly higher XI activities than observed in the absence 
of added metals. Conversely, addition of Ca2+ led to lower activities.
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µmol (g dry biomass)-1












xylose 50 ± 1 4.0 ± 0.7 0.36 ± 0.01 1.4 ± 0.1 56 ± 1
CEN.PK113-7D
(reference strain) glucose 61 ± 1 6.8 ± 1.3 0.44 ± 0.01 0.046 ± 0.001 68 ± 2
IMK692
(pmr1Δ) glucose 72 ± 1 6.7 ± 1.2 0.46 ± 0.02 0.86 ± 0.06 80 ± 2
S. cerevisiae strains were grown in anaerobic bioreactors on xylose or glucose (20 g l-1). Data represent 
average and mean deviation calculated from analyses on independent duplicate cultures.






mol metal/mol XylA monomer Sp. activity(U/mg XylA protein)
Mg2+ Ca2+ Fe2+ Mn2+ No metaladded
Mg2+ added 
(1 mM)
IMX906  xylose 0.18 ± 0.01 0.54 ± 0.11 0.06 ± 0.01 0.38 ± 0.04 2.39 ± 0.61 2.68 ± 0.5
IMX906 glucose 0.20 ± 0.06 0.66 ± 0.07 0.064 ± 0.02 0.30 ± 0.03 1.35 ± 0.14 2.10 ± 0.1
IMX696 glucose 0.22 ± 0.06 0.93 ± 0.41 0.086 ± 0.04 0.017 ± 0.004 0.60 ± 0.24 1.68 ± 0.1
XylA protein was isolated from S. cerevisiae cultures grown on xylose or glucose (20 g l-1) in anaerobic 
bioreactors. Data represent average and mean deviation of analyses on XylA isolated from independent 
duplicate cultures. The relative genotypes of the strains: IMX906 (xylA, PPP↑, XKS1↑, pmr1Δ) and 
IMX696 (xylA, PPP↑, XKS1↑)
For a further analysis of the effect of Mn2+ on XylA activity, we purified the 
enzyme from the controlled anaerobic bioreactor cultures that were also used 
to determine cellular metal contents (Supplementary Figure S6). Concentrations 
of Mg2+, Ca2+, Fe2+ and Mn2+ were measured in purified protein samples and the 
amount of each metal per enzyme active site was calculated (Table 4). These 
analyses showed that the isolated enzymes contained fewer than two metal ions 
per subunit, indicating that their metal binding sites were not fully occupied. 
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In independent replicate experiments, large and consistent differences were 
observed in the Mn2+ contents of XylA isolated from strains with wild-type and 
mutated PMR1 alleles (0.017 and 0.30 mol Mn (mol XylA subunit) −1, respectively, 
Table 4). The higher Mn2+ content of XylA isolated from xylose- or glucose-grown 
cells of the pmr1Δ strain coincided with a ca. 2-fold higher specific activity than 
measured with enzyme purified from the PMR1 strain (Table 4). Although metal 
binding may have changed during cell disruption and enzyme purification, this 
correlation does indicate that Mn2+-loaded XylA is a better catalyst than the 
Mg2+-loaded enzyme. Addition of 1 mM MgCl2 to purified enzyme preparations 
enhanced their XI activities, consistent with incomplete metal loading in the cell 
and/or metal loss during purification and activity assays.
Table 5. Kinetic parameters of XylA measured after reconstituting apo-XylA with 




-1) KM (mM) kcat/KM (s
-1·M-1)
Mg2+ 2.8 ± 0.2 5.5 ± 0.4 500
Mn2+ 7.8 ± 0.1 3.9 ± 0.2 2000
Ca2+ 0.6 ± 0.06 420 ± 90 1.3
kcat and KM values represent average and mean deviation of independent duplicate experiments, 
calculated for each metal.
Mn2+ binding results in superior catalytic efficiency of XylA. 
To accurately analyze the effect of different metals on catalytic properties of 
XylA, apoenzyme was prepared from XylA isolated from xylose-grown cultures 
of strain IMX906. Subsequently, XI activities were measured after reconstitution 
of apo-XylA with Mg2+, Ca2+ or Mn2+ (Table 5). The activities of Mn2+- and Mg2+-
reconstituted apo-XylA were higher than activities in non-metal-supplemented 
assays with XylA purified from yeast cultures (Table 4). The reconstituted enzyme 
showed the highest catalytic efficiency in the presence of Mn2+, with a kcat/KM 
ratio that was 4-fold and 1500-fold higher than with Mg2+ and Ca2+, respectively. 
Both the highest kcat and the lowest KM were observed with Mn
2+ and contribute 
to the superior catalytic efficiency with this metal cofactor (Table 5). When XylA 
apoenzyme was reconstituted with mixtures of divalent metals that resembled 
those observed in intracellular metal content analyses (Table 3) of strains IMX696 
(PMR1) and IMX906 (pmr1Δ), an 80–90% increase of XI activity was observed as 
the fraction of Mn2+ was increased from 0.002 to 0.01 (Supplementary Table S1).
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DISCUSSION
One-step, Cas9-assisted integration of a heterologous XI (Piromyces XylA) and 
overexpression of native yeast genes encoding xylulokinase and enzymes of the 
non-oxidative pentose-phosphate pathway (PPP) enabled fast aerobic growth on 
xylose by S. cerevisiae, thus illustrating the efficiency of Cas9-based genome 
editing in this yeast [33,41]. Nine copies of the xylA cassette were incorporated 
in tandem to facilitate expansion or compression of the xylA copy number by 
homologous recombination. This approach was validated by the four-fold higher 
xylA copy number in transformants isolated on xylose medium and its decrease in 
independent replicate cultures after subsequent adaptation to anaerobic growth. 
The observed amplification of xylA was consistent with the previously reported 
positive impact of high xylA copy numbers on xylose metabolism [20–22]. In line 
with earlier studies [21,23], this metabolic engineering strategy did not enable 
anaerobic growth on xylose. In principle, the engineered XI-based pathway 
should allow for efficient, redox-cofactor-balanced alcoholic fermentation on this 
sugar. However, anaerobic growth on xylose requires much higher fluxes through 
XI since the ATP yield of anaerobic, fermentative metabolism of this sugar is 
approximately eight-fold lower than that of its aerobic, respiratory dissimilation 
(assuming an in vivo P/O ratio of 1.0) [42].
In independent replicate cultures, anaerobic growth on xylose required a two-
week adaptation, which was shown to reflect the accumulation of spontaneous 
mutants with single-nucleotide mutations in PMR1. The observation that single, 
easily acquired point mutations enabled this adaptation may explain an earlier 
report that overexpression of XylA, xylulokinase and PPP enzymes sufficed to 
enable anaerobic growth of S. cerevisiae on xylose [19]. Here, we demonstrate 
that inactivation of PMR1 caused both a strongly elevated intracellular Mn2+ 
concentration and an increased loading of heterologously expressed XylA with 
Mn2+. Moreover, in vitro studies showed that loading of XylA apoenzyme with 
Mn2+ led to higher enzyme activities than binding of other divalent metal ions 
present in the yeast cytosol.
Consistent with the conclusion that intracellular Mn2+ homeostasis affects 
anaerobic xylose metabolism through its impact on in vivo XylA activity, 
none of the five S. cerevisiae enzymes that subsequently convert d-xylulose 
into glycolytic intermediates (xylulokinase, ribulose-5-phosphate isomerase, 
ribulose-5-phosphate 3-epimerase, transaldolase and transketolase) have been 
documented to be Mn2+ dependent (BRENDA database [43]). Our results do not 
exclude the possibility that altered Mn2+ levels influenced pentose metabolism by 
mechanisms other than influencing XylA activity. However, a key role of XylA is 
consistent with the observation that acquisition of mutations in PMR1 coincided 
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with a decrease of the xylA copy number from 36 to 25. This decrease, which 
occurred during the course of a single batch culture, suggests that mutations in 
PMR1 may have affected a trade-off between the need for a high in vivo activity 
of XylA and the metabolic burden associated with its high-level synthesis. As 
demonstrated in a study on the energetic impacts of galactose-induced synthesis 
of the enzymes of the Leloir pathway [44], such a metabolic burden is much more 
pronounced in anaerobic cultures than in aerobic, respiring cultures due to the 
lower ATP yield from fermentative sugar dissimilation.
The mutations in PMR1 that enabled anaerobic growth on xylose negatively 
affected aerobic growth. High intracellular Mn2+ concentrations have previously 
been implicated in impaired mitochondrial function [36], which is consistent with 
the increased accumulation of ethanol in aerobic shake-flask cultures of pmr1 
strains (Supplementary Figure 3). Moreover, TORC1 signaling, which is involved 
in regulation of mitochondrial respiratory functions, is inhibited by Mn2+ and Pmr1 
has been identified as a negative regulator of TOR1, which encodes a subunit 
of the TORC1 complex [45]. Additionally, Mn2+-induced apoptosis mediated by 
Ndi1 [46,47], a mitochondrial NADH dehydrogenase, may have contributed to 
low colony counts observed when cultures adapted to anaerobic growth on 
xylose were plated under aerobic conditions (Figure 1c). The reduced growth 
rate in aerobic cultures of strains carrying PMR1 mutations should be considered 
when their anaerobic industrial application is preceded by an aerobic biomass 
propagation phase. 
Despite the pivotal role of the functional expression of a heterologous XI in S. 
cerevisiae [18], and the well documented role of metal ions in the active sites of 
XIs from taxonomically diverse organisms [48], the impact of metal loading on 
the performance of heterologously expressed XIs in S. cerevisiae has previously 
not been investigated. Similar to bacterial XIs [40], apo-XylA isolated from yeast 
could be activated with different metals. The results of this study suggest that 
metal loading can have a large effect on the in vivo catalytic performance of the 
enzyme.
The pronounced influence of cellular metal content on XI activity was in 
agreement with its promiscuity towards metal cofactors found in the in vitro 
analyses. However, while the fraction of the XI-bound Mn2+ increased by more 
than 10-fold in strains that carried mutations in PMR1, cellular contents of Mn2+ 
were still at least 40 times lower than the combined Mg2+ and Ca2+ contents (Tables 
3 and 4). This observation suggests that the affinity of XylA for Mn2+ is higher 
than for the other divalent metal ions. Functional expression of heterologous 
XIs in S. cerevisiae initially represented a formidable challenge in engineering S. 
cerevisiae for anaerobic xylose fermentation [10–13]. After Piromyces xyla [14], 
XI genes from several eukaryotes and prokaryotes sources were shown to also 
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be functionally expressed in S. cerevisiae, including those from Orpinomyces sp 
[49], Arabidopsis thaliana [50], Clostridium phytofermentans [23], Bacteroides 
thetaiotaomicron [18], Bacteroides stercoris, Prevotella ruminicula TC2-24 [51] 
and Sorangium cellosum [52]. In view of the key catalytic role of metal ions in all 
known xylose isomerases, we expect that in vivo activity of these and other XIs in 
yeast cells will also be affected by engineering of metal homeostasis.
Mutations in PMR1 have been identified in two previous studies on adaptive 
laboratory evolution of XylA-based, engineered S. cerevisiae strains. Klaassen et 
al. [53] identified a mutation in PMR1 (Y38C) in a strain evolved for fermentation of 
l-arabinose and xylose to ethanol. Recently, Hou et al. [25], reported a mutation in 
PMR1 (G698V) in a respiratory-deficient XylA based S. cerevisiae strain obtained 
by adaptive laboratory evolution on xylose medium. Our results strongly suggest 
that, in both studies, the mutations in PMR1 may have contributed to the selected 
phenotypes. Additionally, the superior catalytic efficiency of Mn2+-loaded XylA 
may explain a recent report that MnSO4 supplementation enhanced growth 
on xylose of acetate-stressed cultures of a XylA-based xylose-fermenting S. 
cerevisiae strain [54].
Our study demonstrates the importance of metal homeostasis and enzyme 
loading in XI-based yeast metabolic engineering strategies for anaerobic 
conversion of xylose-containing lignocellulosic feedstocks into fuels and 
chemicals. Inactivation of PMR1, combined with overexpression of PPP enzymes, 
xylulokinase and xylA was shown to be sufficient to enable anaerobic growth 
of S. cerevisiae on xylose. Beyond xylose utilization, engineering of metal 
homeostasis has the potential to improve in vivo performance of other metal-
dependent heterologous enzymes or pathways.
MATERIALS AND METHODS
Strains and maintenance. 
All S. cerevisiae strains used in this study (Table 1) originate from the CEN.PK 
lineage [55,56]. Frozen stock cultures were stored at -80 °C in 30% (vol/vol) 
glycerol.
Plasmid and strain construction. 
Plasmids used in this study are presented in Supplementary Table S2. Expression 
cassettes required for xylose fermentation were introduced into the GRE3 
locus of S. cerevisiae strain IMX581 by simultaneous in-vivo assembly and 
integration [32]. Expression cassettes for RPE1, RKI1, TAL1, NQM1, TKL1, TKL2 
and XKS1 were obtained by fusing constitutive promoter sequences, ORFs and 
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terminator sequences amplified from CEN.PK113-7D in a fusion-PCR [57] using 
the primers specified in Supplementary Table S3. Plasmid pYM-N18 [58] was 
used as a template for the TEF1 promoter. The resulting fragments were cloned 
into pJET-1.2 blunt-end vectors. Correct assembly was verified by sequencing as 
described below. PCR amplification of expression cassettes and plasmids was 
performed using Phusion Hot Start II High Fidelity DNA Polymerase (Thermo 
Scientific, Waltham, MA), according to the manufacturer’s protocol. Integration 
in GRE3 locus was mediated by a chimeric CRISPR/Cas9 editing system [33,41] 
with gRNA expressed from an episomal plasmid [33]. The plasmid backbone was 
PCR amplified from pMEL10 using primers 5792–5980 (Supplementary Table S3). 
A plasmid insert containing the 20 bp gRNA-targeting sequence was obtained 
by PCR amplification with primers 5978–5979 using pMEL10 as template. The 
resulting fragment was fused to the plasmid backbone with the Gibson Assembly 
Cloning kit (New England Biolabs, Ipswich, MA), yielding plasmid pUDE335. E. 
coli DH5a cells were transformed with 1 µL of the Gibson-assembly mix using a 
Gene PulserXcell Electroporation System (Biorad, Hercules, CA). Plasmid DNA 
was isolated from E. coli cultures using a Sigma GenElute Plasmid kit (Sigma-
Aldrich, St. Louis, MO). The presence of the GRE3 cutting gRNA was confirmed 
by PCR-amplification using primer pair 2528–960 followed by digestion with 
FastDigest ClaI (Thermo Scientific).
The coding region of the Piromyces sp. E2 xylose isomerase gene [Genbank: 
CAB76571.1] was codon optimized according to the codon preference of highly 
expressed glycolytic genes in S. cerevisiae [59]. The codon-optimized sequence, 
flanked by the constitutive TPI1 promoter and CYC1 terminator, was synthesized by 
GeneArt GmbH (Regensburg, Germany). After subsequent transformation of the 
pMK-RQ (GeneArt) based vector pUDR350 into E. coli, nine different expression 
cassettes of xylA were made, flanked by 60 bp synthetic recombinant sequences 
(Supplementary Figure S7). For XylA expression in E. coli, a codon-optimized 
synthetic xylA was cloned into pBAD/myc-His-derived plasmid.
Yeast transformation was performed using the lithium acetate protocol [60]. 
Strain IMX696 was obtained by adding 200 pmol of each of the 15 fragments 
combined with 500 ng of plasmid pUDE335. After one hour of incubation in synthetic 
medium with glucose (SMD) the cells were plated on SM plates with xylose as the 
carbon source (SMX). Correct assembly of all fragments in the GRE3 locus was 
confirmed by diagnostic PCR (Dreamtaq, Thermo Scientific) using primers listed 
in Table S3. Deletion of PMR1 in S. cerevisiae strains IMX696 and CEN.PK113-7D 
was done by integrating an amdSYM-based deletion cassette [61], which was 
derived by PCR amplification from pUG-amdSYM using primers 8638/8639 as 
template. After transformation, cells were plated on glucose synthetic medium 
with acetamide as the nitrogen source (SMD-Ac). Gene deletion was confirmed 
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by diagnostic PCR and the resulting strains were named IMX906 and IMK692, 
respectively. To reintegrate PMR1, the PMR1 ORF was PCR-amplified from CEN.
PK113-7D and transformed into strain IMX906. After overnight incubation in SMD-
Ac, cells were plated on SMD plates supplemented with 2.3 g l−1 fluoroacetamide 
(SMD-Fac). Correct integration of PMR1 in the resulting strain, IMX969, was 
confirmed by diagnostic PCR.
Cultivation and media. 
Shake-flask cultures were grown at 30 °C in an orbital shaker at 200 rpm, using 
500-ml flasks containing 100 ml medium. Physiological characterization of 
aerobic growth was performed in shake flasks containing SMX or SMD with urea 
as sole nitrogen source to prevent acidification. Prior to filter sterilization, media 
were adjusted to pH 5.0 with 2 M KOH. For pre-cultures, SM adjusted to pH 6.0 
was autoclaved at 12 °C for 20 min after which a 50 w/v % solution of sterile 
glucose or xylose was added to obtain a final sugar concentration of 20 g l−1, 
together with filter-sterilized vitamin solution [62]. Glucose and xylose solutions 
were autoclaved separately (20 min at 110 °C). For plates, 2% agar was added to 
media prior to autoclaving. Frozen stocks (1 ml aliquots in 30% glycerol) were 
inoculated directly into pre-culture shake flasks. In late exponential phase an 
aliquot was transferred to a second pre-culture to obtain an initial OD660 of 
0.1. Flasks or anaerobic bioreactors used for characterization were inoculated 
from these cultures at an initial OD660 of between 0.1 and 0.2. Anaerobic batch 
cultures were conducted in 2-l bioreactors (Applikon, Delft, The Netherlands) 
with a working volume of 1 l. Biomass for metal content analysis was grown in 
3-l bioreactors (Applikon) with a working volume of 2 l were used. Bioreactor 
cultures were grown at 30 °C, pH 5.0, and stirred at 800 rpm. To ensure anaerobic 
conditions, bioreactors were equipped with Viton O-rings and Norprene tubing. 
During cultivation, nitrogen gas (< 10 ppm oxygen) was continuously sparged 
through the cultures at 0.5 l min−1. After autoclaving, synthetic medium used for 
anaerobic cultivation was supplemented with 0.2 g l−1 sterile antifoam C (Sigma-
Aldrich), as well as Tween 80 (420 mg l−1) and ergosterol (10 mg l−1) dissolved in 
ethanol [63]. 
Analytical methods. 
Cell dry weight (CDW) measurements were done using pre-weighed nitrocellulose 
filters (pore size, 0.45 µm; Gelman Laboratory, Ann Arbor, MI) to filter 10 ml of 
culture. Before weighing the sample, filters were washed with demineralized water 
and dried in a microwave oven (Bosch, Stuttgart, Germany) for 20 min at 360 W. 
Growth was monitored by optical density (OD) measurements at a wavelength 
of 660 nm using a Libra S11 spectrophotometer (Biochrom, Cambridge, United 
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Kingdom). A correlation between OD measurements and CDW was used to 
estimate CDW in samples for which no direct CDW measurements were taken. 
This correlation was based on at least six points during the exponential phase. 
CO2 and O2 concentrations in bioreactor exhaust gas were measured using 
an NGA 2000 analyzer (Rosemount Analytical, Orrville, OH) after the gas was 
cooled by a condenser (2 °C) and dried with a Permapure MD-110-48P-4 dryer 
(Permapure, Toms River, NJ). Metabolite levels in culture supernatants obtained 
by centrifugation were measured via high-performance liquid chromatography 
(HPLC) analysis on an Agilent 1260 HPLC (Agilent Technologies, Santa Clara, CA) 
fitted with a Bio-Rad HPX 87 H column (Bio-Rad, Hercules, CA). The column was 
eluted at 60 °C with 0.5 g l−1 H2SO4 at a flow rate of 0.6 ml min
−1. Detection was by 
means of an Agilent refractive-index detector and an Agilent 1260 VWD detector. 
Correction for ethanol evaporation were done for all bioreactor experiments as 
described previously [64]. Viability of strain IMX696 during anaerobic cultivation 
was assessed by plating culture samples. The number of cells per ml was measured 
using a Z2 Coulter Counter (Beckman Coulter, Woerden, The Netherlands) after 
which dilutions were plated in duplicate on SMX and SMG agar plates and 
incubated at 30 °C. To limit exposure to oxygen, cells that were used to determine 
anaerobic viability measurements were sampled directly into a container flushed 
with argon and immediately transferred into an anaerobic chamber (5% H2, 6% 
CO2, and 89% N2, Sheldon MFG Inc., Cornelius, OR) for plating and incubation. 
Colony-forming units (CFU) were counted after incubation at 30 °C for 4 days 
(aerobic growth) or 8 days (anaerobic growth).
DNA sequence analysis. 
Genomic DNA of strains IMX696, IMS0488 and IMS0489 was isolated using 
the QIAGEN Blood & Cell Culture DNA Kit with 100/G Genomics-tips (QIAGEN, 
Valencia, CA) according to the manufacturer’s protocol. From these DNA samples, 
350-bp insert libraries were constructed using the Nextera XT DNA kit (Illumina, 
San Diego, CA). Paired-end sequencing (100-bp reads) of genomic or plasmid 
DNA was performed with an Illumina HiSeq 2500 sequencer (Baseclear BV, 
Leiden, The Netherlands). Data were mapped to the CEN.PK113-7D genome or to 
in silico-generated plasmid sequences using the Burrows-Wheeler alignment tool 
[65] and processed with Pilon [66]. Identified single-nucleotide differences were 
inspected with the Integrated Genomics Viewer [67] (IGV). The chromosomal copy 
number variance (CNV) was estimated using the Poisson mixture model based 
algorithm Magnolya [68]. The copy number of xylA was estimated by comparing 
the read depth to the average read depth of all chromosomes. Raw sequence data 
of strains IMX696, IMS0488 and IMS0489 are deposited at the NCBI Sequence 
Read archive (www.ncbi.nlm.nih.gov/sra) under BioProject ID PRJNA349142. 
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Purification of xylose isomerase. 
Cell pellets were resuspended in 10 mM MOPS, pH 7.0, containing protease 
inhibitors (cOmplete ULTRA tablets, Roche) and disrupted using a high-pressure 
homogenizer (Constant Systems Ltd, Low March, United Kingdom). Samples 
were passed through the apparatus twice at 39 kpsi and cell debris was removed 
by centrifugation at 35,000 × g for 45 min at 4 °C. A single-step purification 
procedure based on anion-exchange chromatography was applied to minimize 
the loss of protein-bound metals. Cell-free extracts were loaded on a strong 
anion-exchange column (Resource Q, GE Healthcare, Chicago, IL) equilibrated 
with 10 mM MOPS, pH 7.0. A gradient elution was applied using 10 mM MOPS, pH 
7.0, containing 0–200 mM KCl. XylA eluted at approximately 40 mM KCl. Protein 
concentrations were determined using the theoretical extinction coefficient at 
280 nm (ε 280, XI = 73,800 M−1 cm−1) calculated by the ProtParam tool (http://web.
expasy.org/protparam/).
Metal content analysis. 
Metal concentrations were analyzed with an inductively coupled plasma mass 
spectrometer (ICP-MS, Varian 820). All measurements were performed 5 times 
for each sample and yttrium was used as an internal standard. Purified protein 
samples were lyophilized and analyzed for contents of magnesium, calcium, iron 
and manganese. Prior to measurement, samples were dissolved in 1% nitric acid 
solution. All analyses were performed on protein samples isolated from two 
replicate cultures. For intracellular metal analysis, cells were prepared with a 
protocol adopted from Eide et al. [69]. The harvested cells were washed three 
times each with 1 µM EDTA solution and subsequently with deionized water 
(Milli-Q) and suspended in 1 ml 30% (w/v) nitric acid and incubated at 60 °C for 
4 h. Cell lysates were centrifuged at 16,000 × g and supernatants were collected. 
Pellets were washed with 1 ml deionized water and the supernatants were 
collected as before. The 2 ml of final sample solution containing approximately 
15% (w/v) nitric acid were then subjected to the measurements. The metal content 
was determined with samples from two separate bioreactor batch cultures.
Preparation of cell extracts. 
Cell extracts were prepared following a previously published procedure with 
minor modifications [16]. To limit loss of metals during preparation, no EDTA was 
added prior to sonication. Cells were washed and suspended in 10 mM MOPS 
buffer pH 7.0 to avoid precipitation of MnCl2 and 10 mM DTT was added. After 
sonication (4 bursts of 30 s with 30 s intervals at 0 °C, amplitude 8 µm) using 
a Soniprep 150 sonicator (Beun de Ronde BV, Abcoude, The Netherlands), cell 
debris was removed by centrifugation (4 °C, 20 min at 48,000 g) and the clear 
supernatant was used for XylA assays.
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Activity of XylA was measured with a coupled enzyme assay using d-sorbitol 
dehydrogenase [70]. d-sorbitol dehydrogenase (SDH) was obtained from Roche 
Diagnostics GmbH (Mannheim, Germany). Reactions were performed at 30 °C 
and pH 7.0 (20 mM MOPS buffer). The decrease in absorbance at 340 nm was 
monitored in either a spectrophotometer (Jasco, Easton, MD) or a Synergy Mx 
microtiter plate reader (BioTek Instruments, Winooski, VT). Reaction mixtures 
included 5, 200- or 500-mM xylose, 250 µM NADH and U ml−1 of SDH. Addition 
of 0.03 to 1 µM (depending on the substrate concentration and the metal added) 
XI or cell free extract into the mixture initiated the reaction. For measuring XylA 
activity in the presence of different metal cofactors, samples of apo-XylA were 
prepared by overnight incubation of the purified enzyme with 10 mM EDTA. 
Subsequently, EDTA was removed by buffer exchange to 20 mM MOPS, pH 7.0 
and 1 mM of divalent metal solutions (MgCl2, MnCl2 or CaCl2) were added in 
the reaction. For kinetic analyses, d-xylose was added at concentrations ranging 
from 0.5 mM to 1.50 M.
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SUPPLEMENTARY INFORMATION
Table S1. Activity of XylA in the presence of different metal mixtures.
XylA activities (U·(mg protein)-1)
Xylose (mM) Mg2+ Mn2+ Mix 1 Mg:Ca:Mn0.85:0.15:0.001
Mix 2 Mg:Ca:Mn
0.84:0.14:0.02
5 1.73 ± 0.19 4.03 ± 0.44 1.87 ± 0.42 3.53 ± 0.73
200 3.13 ± 0.10 7.05 ± 0.67 3.35 ± 0.06 6.02 ± 0.45
XylA was expressed in E. coli, purified and EDTA-treated. Enzyme activities were measured in the 
presence different metal (mixtures), total concentration 1 mM. The molar fractions in metal mixes 1 
and 2 represent the intracellular metal composition of IMX696 and IMX906, respectively (see Table 3 
and main text). Reactions were performed at 30 ˚C and pH 7.0 with saturating concentration (200 mM) 
and near KM (5 mM) of xylose. The values represent average and mean deviation of measurements 
with XylA isolated from independent duplicate E. coli cultures.
Table S2. Plasmids used in this study.
Plasmid Characteristics Origin
pMEL10 2 μm ori, KlURA3, pSNR52-gRNA.CAN1.Y-tSUP4 Mans et al. (2015) [33]
pJET1.2Blunt Multi-purpose cloning vector ThermoFisher
pUD344 pJET1.2Blunt + TagA_pPGI1_NQM1_TagB This study
pUD345 pJET1.2Blunt + TagB_pTPI1_RKI1_Tagc This study
pUD346 pJET1.2Blunt + TagC_pPYK1_TKL2_TagF This study
pUD347 pJET1.2Blunt + TagG_pTDH3_RPE1_TagH This study
pUD348 pJET1.2Blunt + TagH_pPGK1_TKL1_TagI This study
pUD349 pJET1.2Blunt + TagI_pTEF1_TAL1_TagA This study
pUD350 pMK-RQ_pTPI1_xylA_tcyc This study
pUD353 pJET_Blunt_pTEF1_XKS1_tXKS1 This study
pUDE335 2 μm ori, KlURA3, pSNR52-gRNA.GRE3.Y-tSUP4 This study
pUG-AmdSYM Template of AmdSYM cassette for PMR1 deletion Solis-Escalante et al. (2013) [63]
Native gene terminator sequences were used for expression of RPE1, TKL1, TAL1, NQM1, RKI1, TKL2 
and XKS1.
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Table S3. Oligonucleotide primers used in this study.
Construction of cassettes containing constitutively expressed-pentose-phosphate-pathway 
and XKS1 genes:
Primer 
nr.: Purpose: Template: Sequence 5’ -> 3’:




5925 PGI1 promoter fragment CEN.PK113-7D TTTTAGGCTGGTATCTTGATTCTAAATCG
5926 NQM1 ORF fragment CEN.PK113-7D TCGATTTAGAATCAAGATACCAGCCTAAAAATGTCA GAACCTTCAGAGAAAAAAC




3847 fusion-PCR of pPGI1 andNQM1
pPGI1 + NQM1
fragment ACTATATGTGAAGGCATGGCTATGG
3276 fusion-PCR of pPGI1 andNQM1
pPGI1 + NQM1
fragment GTTGAACATTCTTAGGCTGGTCGAATC




5929 TPI1 promoter fragment CEN.PK113-7D CCGCGGAGTTTATGTATG
5930 RKI1 ORF fragment CEN.PK113-7D CTTAAATCTATAACTACAAAAAACACATA-CATAAACTCCGCGGATGGCTGCCGGTGTCCC




4672 fusion-PCR of pTPI1 and RKI1
pTPI1+ RKI1 
fragment CACCTTTCGAGAGGACGATG
3277 fusion-PCR of pTPI1 and RKI1
pTPI1+ RKI1 
fragment CTAGCGTGTCCTCGCATAGTTCTTAGATTG




5933 PYK1 promoter fragment CEN.PK113-7D TGTGATGATGTTTTATTTGTTTTGATTGGTGTC
5934 TKL2 ORF fragment CEN.PK113-7D CACCAATCAAAACAAATAAAACATCATCACAATGG-CACAGTTCTCCGACATTGATAAACTTGC




3283 fusion-PCR of pPYK1 and TKL2
pPYK1 + TKL2 
fragment ACGTCTCACGGATCGTATATGC
3288 fusion-PCR of pPYK1 and TKL2
pPYK1 + TKL2 
fragment TGCCGAACTTTCCCTGTATGAAGC
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5913 TDH3 promoter fragment CEN.PK113-7D CCGTCGAAACTAAGTTCTTGG
5914 RPE1 ORF fragment CEN.PK113-7D TTAGTTTTAAAACACCAAGAACTTAGTTTCGACGGAT-GGTCAAACCAATTATAGCTCCCAGTATCC




4870 fusion-PCR of pTDH3 and RPE1
pTDH3 + RPE1 
fragment GCCAGAGGTATAGACATAGCC
3290 fusion-PCR of pTDH3 and RPE1
pTDH3 + RPE1 
fragment GTCACGGGTTCTCAGCAATTCG




5917 PGK1 promoter fragment CEN.PK113-7D TGTTTTATATTTGTTGTAAAAAGTAGATAATTACTTCC
5918 TKL1 ORF fragment CEN.PK113-7D GGAAGTAATTATCTACTTTTTACAACAAATATAAAA-CAATGACTCAATTCACTGACATTGATAAGC




3291 fusion-PCR of pPGK1 and TKL1
pPGK1 + TKL1      
fragment CTCTAACGCCTCAGCCATCATCG
4068 fusion-PCR of pPGK1 and TKL1
pPGK1 + TKL1 
fragment GCCTACGGTTCCCGAAGTATGC




5921 TEF1 promoter fragment pYM-N18 AAAACTTAGATTAGATTGCTATGCTTTCTTTCTAAT-GAGC
5922 TAL1 ORF fragment CEN.PK113-7D GCTCATTAGAAAGAAAGCATAGCAATCTAATCTAAGT-TTTATGTCTGAACCAGCTCAAAAGAAACAAAAGG




3274 fusion-PCR of pTEF1 and TAL1
pTEF1+ TAL1 
fragment TATTCACGTAGACGGATAGGTATAGC
3275 fusion-PCR of pTEF1 and TAL1
pTEF1+ TAL1 
fragment GTGCCTATTGATGATCTGGCGGAATG




6279 XKS1 ORF fragment CEN.PK113-7D GCTCATTAGAAAGAAAGCATAGCAATCTAATCTAAGT-TTTATGTTGTGTTCAGTAATTCAGAGACAG
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Primers used for amplification of integration fragments:
Primer 
nr.: Purpose:  Template: Sequence:




3290 fl_RPE1_H fragment rv  pUD347 GTCACGGGTTCTCAGCAATTCG
3291 H_TKL1_I fragment fw  pUD348 CTCTAACGCCTCAGCCATCATCG
4068 H_TKL1_I fragment rv  pUD348 GCCTACGGTTCCCGAAGTATGC
3274 I_TAL1_A fragment  pUD349 TATTCACGTAGACGGATAGGTATAGC
3275 I_TAL1_A fragment  pUD349 GTGCCTATTGATGATCTGGCGGAATG
3847 A_ NQM1 _B  pUD344 ACTATATGTGAAGGCATGGCTATGG
3276 A_ NQM1_B  pUD344 GTTGAACATTCTTAGGCTGGTCGAATC
4672 B_RKI1_C fragment  pUD345 CACCTTTCGAGAGGACGATG
3277 B_RKI1_C fragment  pUD345 CTAGCGTGTCCTCGCATAGTTCTTAGATTG
3283 C_TKL2_F fragment  pUD346 ACGTCTCACGGATCGTATATGC
3288 C_TKL2_F fragment  pUD346 TGCCGAACTTTCCCTGTATGAAGC
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8640 PMR1 reintegration  CEN, PK113-7D CCATGGCTACTGCTATTTCG
8641 PMR1 reintegration  CEN, PK113-7D AGGGCGTTGATAGGATG
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Primers used for construction of plasmid containing the gRNA cutting in GRE3:
Primer 
nr.: Purpose: Template:
5792 pUDE335 backbone pMEL10 GTTTTAGAGCTAGAAATAGCAAGTTAAAATAAG
5980 pUDE335 backbone pMEL10 CGACCGAGTTGCTCTTG
5978 pUDE335 gRNA pMEL10 ATTTTAACTTGCTATTTCTAGCTCTAAAACTTTAT-GACGTATACGTTTACGATCATTTATCTTTCACTGCGG
5979 pUDE335 gRNA pMEL10 TATTGACGCCGGGCAAGAGC
2528 restriction analysis of gRNA pUDE335 TCTTTCCTGCGTTATCCC
960 restriction analysis of gRNA pUDE335 GTGGATGATGTGGTCTCTAC
Primers used for verifying integration of fragments:
Primer 
nr.: Purpose: Sequence:
 6640 checking PPP integration CTAGATGTGGTCAGCCATTC
976 checking PPP integration CACCAGTGTCGGCAACAACG
6717 checking PPP integration CTCATTAGAAAGAAAGCATAGCAATC
5603 checking PPP integration CGCAAGTTTATCAATGTCGG
4656 checking PPP integration CCTTCCCATATGATGCTAGG
7056 checking xylA integration AGAGGTGGTGGTTTCGTTAC
6632 checking xylA integration AGCGTCGTAGTAGTGGAAAGC
7370 checking xylA integration TGCTGTAAGTCGCCTCCATC
3293 checking xylA integration GAGCTGAATGTATATGCTGCGGGATC
7369 checking xylA integration AGCGATCTGCGAGACCGTATAG
4692 checking xylA integration AAGGGCCATGACCACCTG
5231 checking xylA integration AATCACTCTCCATACAGGG
3354 checking xylA integration ACGCATCTACGACTGTGGGTC
4184 checking xylA integration ATGACCGGAGCTTCCAGCATG
3843 checking xylA integration GATCAGCAGCCACGATTG
3837 checking xylA integration GAATGATCGTTCAGCGCG
6921 checking xylA integration AGAGGTGGTGGTTTCGTTAC
3286 checking xylA integration GCCGTAGCTTCCGCAAGTATG
8640 checking PMR1 KO/integration CCATGGCTACTGCTATTTCG
8641 checking PMR1 KO/integration AGGGCGTTGATAGGATG
9 checking PMR1 KO/integration CGCACGTCAAGACTGTCAAG
10 checking PMR1 KO/integration TCGTATGTGAATGCTGGTCG
8792 checking PMR1 KO/integration GTTGGACTGTCTCTGTTAGG
8793 checking PMR1 KO/integration CTTCGTCCACGGATAAAG
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Figure S1 Off-gas CO2 profiles of anaerobic bioreactor cultures on synthetic medium with xylose 
(20 g l-1). Black and grey lines indicate results from independent duplicate cultures of strain S. 
cerevisiae IMX696 (xylA, PPP↑, XKS1↑) and strain IMX979 (xylA, PPP↑, XKS1↑, PMR1), respectively.
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Figure S2 Anaerobic growth of S. cerevisiae IMX696 (xylA, PPP↑, XKS1↑) on xylose, independent 
replicate of experiment shown in Figure 1. (a) Growth, xylose consumption and product formation 
after inoculation of aerobically pre-grown cells in anaerobic bioreactors containing synthetic 
medium with xylose (20 g l-1). Symbols: ●, xylose, ■, ethanol, ○, biomass, □, glycerol. (b) Colony-
forming units (CFU) on anaerobically incubated xylose medium reflect adaptation to growth on 
xylose in the absence of oxygen. (c) CFU on aerobically incubated xylose medium reflect trade-off 
between aerobic and anaerobic growth on xylose. (d) and (e) CFU on anaerobically and aerobically 
incubated glucose medium, respectively, showing that oxygen sensitivity of cells adapted to 
anaerobic growth on xylose is not carbon-source dependent. Data shown in this figure are from 
one of two independent replicates.
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Figure S3. Growth of S. cerevisiae strains on xylose in aerobic shake-flask cultures.
(a )IMX696 (xylA, PPP↑, XKS1↑). (b ) IMS0488 (isolated from culture of strain IMX696 adapted to 
anaerobic growth on xylose). Both strains were grown in aerobic shake flasks on synthetic medium 
containing 20 g l-1 xylose. Symbols: ●, xylose, ■, ethanol and ○, biomass. The data shown in the figure 
are from a single shake-flask experiment of each strain. Data from duplicate experiments with each 
strain differed by less than 5%.
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Figure S4. Impact of a PMR1 deletion on aerobic growth of S. cerevisiae CEN.PK113-7D on glucose. 
Growth was monitored in aerobic shake-flask cultures grown on synthetic medium with 20 g l-1 
glucose. Symbols indicate the following S. cerevisiae strains: , CEN.PK113-7D and , IMK692 
(pmr1Δ). Data shown are from a single flask experiment for each strain. For both strains, data 
obtained from independent duplicate experiments differed by less than 5%.
Figure S5. XylA activity measured in cell extracts and the effect of divalent metals. XI activity 
measured in cell-free extracts prepared from exponentially growing shake-flask cultures of S. 
cerevisiae strains IMX696 (xylA, PPP↑, XKS1↑) and IMX906 (xylA, PPP↑, XKS1↑, pmr1Δ), pre-
grown under aerobic and anaerobic conditions on glucose. 25-50 µl of the extract was used in a 
1 ml reaction mixture containing 20 mM MOPS buffer pH 7.0, 0.25 mM NADH, 500 mM xylose, 
2U sorbitol dehydrogenase and 10mM of the divalent metal ion indicated. The activity values 
represent average and mean deviation of independent duplicate experiments.
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Figure S6. SDS-polyacrylamide gel electrophoresis of xylose isomerases isolated from different 
engineered S. cerevisiae strains. Lane 1: IMX906 ((xylA, PPP↑, XKS1↑, pmr1Δ) grown on glucose; 
Lane 2: IMX696 (xylA, PPP↑, XKS1↑) grown on glucose; Lane 3: IMX906 grown on xylose; Lane 4: 
IMX696 grown on glucose; Lane 5: IMX696 grown on glucose; Lane 6: IMX906 grown on xylose.
Figure S7. Schematic overview of the integrated construct that enables xylose consumption in 
IMX696 (xylA, PPP↑, XKS1↑). The construct consists of 15 cassettes containing 60bp homologous 
sequences named A to Q. The fragments were transformed with pUD335 allowing for a Cas9-
induced double-strand break in GRE3. Correct integration of all the fragments in GRE3 was 
verified by diagnostic PCR.
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Efficient bioethanol production from hemicellulose feedstocks by Saccharomyces 
cerevisiae requires xylose utilization. Whereas S. cerevisiae does not metabolize 
xylose, engineered strains that express xylose isomerase can metabolize xylose 
by converting it to xylulose. For this, the type II xylose isomerase from Piromyces 
(PirXI) is used but the in vivo activity is rather low and very high levels of the 
enzyme are needed for xylose metabolism. In this study, we explore the use of 
protein engineering and in vivo selection to improve the performance of PirXI. 
Recently solved crystal structures were used to focus mutagenesis efforts. 
We constructed focused mutant libraries of Piromyces xylose isomerase by 
substitution of second shell residues around the substrate- and metal-binding 
sites. Following library transfer to S. cerevisiae and selection for enhanced 
xylose-supported growth under aerobic and anaerobic conditions, two novel 
xylose isomerase mutants were obtained, which were purified and subjected to 
biochemical and structural analysis. Apart from a small difference in response 
to metal availability, neither the new mutants nor mutants described earlier 
showed significant changes in catalytic performance under various in vitro assay 
conditions. Yet, in vivo performance was clearly improved. The enzymes appeared 
to function sub-optimally in vivo due to enzyme loading with calcium, which gives 
poor xylose conversion kinetics. The results show that better in vivo enzyme 
performance is poorly reflected in kinetic parameters for xylose isomerization 
determined in vitro with a single type of added metal. This study shows that in 
vivo selection can identify xylose isomerase mutants with only minor changes 
in catalytic properties measured under standard conditions. Metal loading 
of xylose isomerase expressed in yeast is suboptimal and strongly influences 
kinetic properties. Metal uptake, distribution and binding to xylose isomerase are 
highly relevant for rapid xylose conversion and may be an important target for 
optimizing yeast xylose metabolism. 
Keywords: Xylose isomerase, Metalloenzyme, Directed evolution, Bioethanol, 
Protein engineering
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INTRODUCTION
Efficient xylose conversion is an important property when selecting or 
engineering yeast strains to be used in second-generation bioethanol production. 
Fermentation of lignocellulose-derived feedstocks, which contain up to 30 % 
d-xylose, is often carried out by Saccharomyces cerevisiae. Since this yeast does 
not metabolize the aldopentose d-xylose naturally, incorporation of either xylose 
isomerase or a combination of xylose reductase and xylitol dehydrogenase is 
necessary to convert d-xylose to the ketose d-xylulose, which can be metabolized 
[1–4]. The use of xylose isomerase has the advantage over the xylose reductase-
xylitol dehydrogenase system that there is no intermediate production of xylitol 
and less formation of side products, but combining the pathways may also have 
certain benefits [5]. Several efforts to find suitable xylose isomerases have 
been reported [6–11]. A xylose isomerase discovered by Kuyper et al. [12,13] in 
the fungal strain Piromyces E2 (PirXI) through genome mining is an attractive 
candidate for xylose isomerization in engineered S. cerevisiae strains, and is used 
in several studies [14]. However, in vivo performance of the enzyme is modest, as 
indicated by the high copy number (up to 10) of the chromosomally inserted XI-
encoding gene observed in evolved strains that are capable of anaerobic d-xylose 
fermentation  [15]. A multi-copy plasmid leading to overproduction of the of 
the PirXI protein has also been used for enhanced xylose metabolism [16]. The 
engineering of yeast strains showing faster xylose metabolism is an important 
challenge in the pursuit of strain improvement for second-generation bioethanol 
production [17–20]. 
The observation that strains with multiple copies of PirXI genes evolve during 
prolonged adaptation suggests that in vivo enzyme activity in S. cerevisiae is 
limiting xylose turnover [21]. Mutations in different xylose isomerases can lead 
to accelerated xylose metabolism and protein engineering of xylose isomerase 
is receiving significant attention [11,14,19,20]. However, it is unclear which 
properties of the enzyme need to be tailored to improve its in vivo performance. 
A straightforward hypothesis is that the kinetic properties as reflected in catalytic 
rate (kcat) and/or substrate affinity (KM) at physiological conditions are not optimal 
for efficient xylose metabolism. On the other hand, metal affinity and in vivo 
metal content of xylose isomerase may also play an important role causing the 
enzyme to function sub-optimally. Xylose isomerase is a metalloenzyme that 
requires two divalent metals for activity, and the wild-type PirXI shows the best 
activity with Mn2+ [22]. However, metal content of the enzyme expressed in yeast 
may vary [21,22]. A yeast strain with a mutation in its PMR1 gene which influences 
manganese homeostasis and increases Mn2+ content of the PirXI protein showed 
an enhanced rate of xylose consumption [21]. The high expression levels of the 
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PirXI protein in selected xylose-metabolizing strains could be a burden for cell 
growth, and reduced expression of a more active enzyme would improve xylose 
consumption and growth rates. In view of the complexity of yeast cells, there may 
well be other factors that determine the performance of heterologously expressed 
enzymes, including compartmentalization, enzyme stability, and competition for 
metals with other cellular components. 
Modern protein engineering tools enable tailoring of enzyme properties 
for specific applications. A particularly effective strategy is the use of directed 
evolution, i.e. the construction of mutant libraries and screening those for 
improved variants [23–25]. This approach does not require structural information. 
Here, one can take advantage of the fact that xylose isomerase activities limit  the 
growth of S. cerevisiae on d-xylose and employ a random mutagenesis method 
with in vivo selection for improved growth  [9,14]. This allowed the discovery 
of unexpected xylose isomerase mutations, some of which were far away from 
the active site. It is known that distant mutations can enhance activity, e.g., by 
influencing enzyme surface properties [26]. On the other hand, the lack of focus in 
random mutagenesis protocols yields libraries with a low abundance of beneficial 
mutations and very large numbers of mutants often must be screened to discover 
better enzymes. So-called smart libraries, which incorporate phylogenetic and 
structural information in the design, are assumed to better cover functional 
sequence space, increasing the chance of discovering useful mutations and 
reducing the need for extensive screening [27–29].
To support PirXI engineering and understand the effects of selected mutations, we 
have recently characterized the enzyme both structurally and biochemically, which 
is described in chapter 2 [22]. Even though the unidentified causes of the modest 
in vivo performance of PirXI and the complexity of the kinetic mechanism cause 
uncertainty about the types of mutations to introduce, the structures still provide 
useful information by revealing the residues that shape the substrate- and metal-
binding sites. In the crystal structures, PirXI appeared as a homotetramer with each 
monomer (49.5 kDa, 437 aa) possessing an active site in which two divalent metal 
ions are bound. Soaking and cocrystallization studies showed that the ring-opened 
xylose binds in between two fully conserved tryptophan residues (Trp50 and Trp189) 
which play a role in the correct positioning of the substrate for catalysis [22,30]. 
Of the two active site metals, one (M1) is responsible for substrate binding while 
the other (M2) is essential for catalysis by polarizing the M2-bound catalytic water 
that protonates O1 of the substrate and consequently generates a carbocation on C1 
promoting the C2 to C1 hydride shift [22,31]. The catalytic metal M2 moves during 
the reaction from the M2a to the M2b position, which is also visible in structures with 
certain combination of ligands: 5NH7 (xylose and Mg2+), 5NHC (xylulose and Co2+), 
5NHD (xylose and Ni2+) and 5NHE (xylose and Cd2+). (Figure 1) [22].
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To examine if structure-inspired mutagenesis can contribute to obtaining 
improved xylose isomerase variants, and to investigate the possibility that 
such mutants may be useful to identify catalytic properties relevant for in 
vivo performance, we now designed focused mutant libraries with mutations 
surrounding the residues involved in metal and substrate binding. These were 
screened for enhanced growth after expression in yeast. Improved enzymes 
were indeed discovered and their biochemical properties were investigated, in 
comparison to previously reported PirXI variants. The results indicate that small 
changes in catalytic properties may be accompanied by significant effects on 
xylose-supported growth. Furthermore, in vivo selection may govern mutations 
that improve xylose metabolism without changing kinetic properties measured 
under standard conditions with Mg2+ as the activating metal.
RESULTS 
Library design 
To discover mutants of PirXI that enhance xylose metabolism, we designed and 
constructed small focused mutant libraries followed by in vivo screening for better 
variants. Recent structural and biochemical information was used to select target 
positions for mutagenesis, focusing on residues that surround the metal-binding 
sites. Replacing the second shell residues might have an effect on metal binding or 
reactivity and thereby influence the activity. The fully conserved metal-coordinating 
residues in PirXI are Glu233, Glu269, Asp297 and Asp340 for site M1 and Glu269, 
His272, Asp308 and Asp310 for the catalytic metal M2. For the first library (LibM1), 
we targeted residues that are in close proximity of the M2 site. Five residues were 
selected: three (Val270, Ala273 and Thr274) that lie on the same helix as the metal 
binding residues (His272 and Glu269), and two (Trp307 and Thr309) that are on 
a nearby loop (Figure 1). Amino acid diversity to be introduced at each position 
was selected based on phylogenetic diversity, in silico-predicted stabilities of the 
mutants, and visual inspection of the predicted mutant structures. For phylogenetic 
input, a multiple sequence alignment was performed on 22 different class I 
and 100 class II XI sequences. Considering conservation scores and similarities 
between amino acid properties, the library diversity was decided. For example, 
residue Ala270 is fully conserved throughout all class II enzymes and therefore 
the diversity at this position was restricted to alanine and glycine to avoid extreme 
modifications. Changes in free energy of folding (ΔΔGfold) of mutants relative to the 
wild-type enzyme were predicted using FoldX calculations [32]. Large decreases 
in predicted stability were used to dismiss mutations from the library design. The 
resulting LibM1 library included 1008 different variants (Table 1).
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To construct the LibM1 mutant library, at each target position a minimum number 
of partially undefined codons covering the selected set of  amino acid substitutions 
was chosen using a spreadsheet implementing the CodonFinder routine [33]. The 
codons were selected in such a way that all the desired amino acids (including the 
wild-type residues) are incorporated at balanced coverage without introduction 
of undesired codons like stop codons. The 1008 LibM1 mutant library was covered 
by 8 partially undefined codons (Table 1).
Library DNA was obtained by generating gene fragments using PCR and 
subsequent cloning into E. coli – yeast shuttle expression vector (pRS426-
URA) as described in Methods. Transformation of the library DNA to E. coli 
resulted in over 8000 clones, of which pooled plasmid DNA was transformed to 
S. cerevisiae strain DS75543, producing 6000 colonies. Considering the library 
size of 1008, these numbers are sufficient for near full library coverage [33]. 
Prior to yeast transformation, library diversity was confirmed by sequencing a 
mixture of plasmids isolated from the mixed collection of E. coli transformants. 
The sequencing results showed that all expected bases were incorporated at the 
correct positions, indicating sufficient library quality to proceed to screening. 
Figure 1. Structure of the PirXI active 
site and design of mutant library 
LibM1. The figure shows the active site 
structure of PirXI with xylose (yellow) 
and Mg2+ ions (green spheres) bound 
(PDB: 5NH7). The target residues 
(orange) are located near the active 
site. The catalytic metal (M2) can 
occupy two positions (M2a and M2b). 
W307’ is a residue from a neighboring 
subunit.  
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Table 1. Design of PirXI library LibM1.
Residue Amino acids Codons Freq. WTa
V270 V A G GBT 0.33
A273 A G GST 0.5
T274 T I K Q AYC+MAA 0.25
W307 W F Y I S T N WHT+TGG 0.14
T309 T S K R N Q AVS+CAG 0.29
a Codons at each position were selected in such a way that each desired amino acid, including the wild 
type, is included at a frequency of 1/(total diversity).
Screening for improved xylose utilization 
Library LibM1 was screened by growth competition of S. cerevisiae strain 
DS75543 transformed with library plasmids DNA. The entire collection of yeast 
transformants was inoculated into xylose medium and cells were cultivated with 
serial transfers to fresh xylose medium. Faster growing cells, which over time 
became dominant, were assumed to harbor an improved PirXI. Screening was 
performed both under aerobic and anaerobic (oxygen-limited) conditions, each 
in duplicate, as different variants can be expected depending on the metabolic 
status of the cells. For anaerobic growth, the cultures were kept oxygen-limited 
as described in Methods. The effect of limited oxygen availability was reflected in 
the final cell densities (OD600) of the cultures which were ~ 3 and > 20 for anaerobic 
and aerobic conditions, respectively. Anaerobic cultures initially required 8 – 9 
days before growth occurred. A reduced lag time and/or increased growth rate 
was observed after multiple transfers with all four selection cultures, also in 
comparison to a control culture harboring only wild-type PirXI. 
Both aerobic and anaerobic cultures were harvested after the 10th transfer and 
plasmids were isolated to evaluate the selected PirXI genes. Sequencing showed 
that all four cultures, i.e., both the aerobic duplicates and anaerobic duplicates, 
contained only one PirXI variant, which carried the mutations V270A and A273G. 
Effect of V270A-A273G PirXI on xylose utilization
The consistent selection of the V270A-A273G variant from library LibM1 suggested 
that the screening method was reliable and sensitive. Nevertheless, it is possible 
that other events such as genomic mutations or variations in expression level 
are responsible for the improved growth of yeast carrying the V270A-A273G 
mutant PirXI. The replicon of the pRS416 vector used in this work is derived from 
yeast plasmid 2µ, and plasmid copy numbers can vary from culture to culture 
[34]. Furthermore, in laboratory evolution of S. cerevisiae for growth on xylose, 
cells may acquire diverse chromosomal mutations that cause improved growth 
[35,36]. To prove that in our case the selected mutations in the PirXI structural 
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gene caused improved growth on xylose, the mutations were re-constructed by 
site-directed mutagenesis in the original PirXI gene and cloned in a vector that 
was not subjected to previous selection. S. cerevisiae DS75543 cells were then 
transformed with the freshly prepared constructs and their growth performance 
in a 96-well plate was monitored. We have repeated this process several times and 
consistently observed that the cells containing the mutant PirXI grow on xylose 
better compared to those containing wild-type PirXI (Figure 2a). We have also 
observed that general growth performance of the cells slightly differs between 
experiments as well as between clones picked from a single transformation 
experiment. Figure 2B shows a high variability in growth between 30 independent 
transformants despite their identical genotype. Nevertheless, the results clearly 
indicate that the V270A-A273G mutant PirXI improves growth on xylose as 
compared to wild-type, especially in the earlier phases of growth (Figure 2b). On 
average, the mutant cultures started to grow earlier and more quickly reached 
their final density. 
In 96-well plates, oxygen availability may not be well controlled and results 
could be influenced by evaporation. Therefore, a comparison between the wild-
type and V270A-A273G XI variants was also performed using shake flask cultures 
with replicates inoculated with pre-cultures from independent transformants. 
The resulting growth curves (Figure 2c) confirm that the mutated PirXI is 
beneficial for growth on xylose. The specific growth rates (µ) were calculated 
from the exponential part of the curves, using the following equation for fitting: 
lnX = lnX0 + µ (t – t0), where X is the measured OD600 and µ is the rate. The average 
growth rates of the wild type and the mutants are 0.13 ± 0.01 and 0.18 ± 0.01 h-1, 
respectively. These results show that the observed improved growth is due to the 
V270A-A273G mutations in PirXI, not by unidentified mutations elsewhere on the 
plasmid or in the chromosome of the selected transformants.
Yeast cells selected for good growth on xylose show high overexpression of 
PirXI [12,15], which may be a metabolic burden for the cells and trigger selection 
of mutants with a higher activity: expression ratio in competition experiments. To 
examine if the PirXI mutations affected enzyme expression, we studied XI levels 
in cells grown on xylose. The specific activity with 100 mM xylose measured with 
the cell-free extracts were 0.94 U/mg and 0.54 U/mg for the wild type and the 
mutant, respectively. SDS-PAGE gels revealed that the expression levels for the 
wild-type and the mutant enzyme were similar (Figure 3). 
547288-L-bw-Lee
Processed on: 21-8-2020 PDF page: 155
155
5
STRUCTURE-BASED DIRECTED EVOLUTION IMPROVES S. CEREVISIAE GROWTH ON XYLOSE 
BY INFLUENCING IN VIVO ENZYME PERFORMANCE
Figure 2. PirXI V270A-A273G improves growth of S. cerevisiae strain DS75543 on xylose. The 
orange and green lines represent growth on xylose (20 g·l-1) of yeast expressing the mutant and 
the wild-type PirXI, respectively.  a, b Growth in 96-well plate with continuous measurement of 
optical density. Each line represents an individual clone selected from a transformation plate. 
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The uncertainty of in vivo metal binding properties of PirXI and metal content of 
the yeast cytoplasm makes it difficult to define a metal composition for assays 
that gives results reporting on in vivo performance. When we measured the PirXI 
activity of extracts of S. cerevisiae DS75543 cells without metal addition, the 
results indicated that the activity of the wild-type enzyme was almost two-fold 
higher compared to the mutant. This unexpected observation could be caused 
by changes in PirXI metal composition during enzyme preparation and dilution, 
e.g., due to binding of metals released from organelles such as vacuoles or from 
changes in metal-protein interactions. 
To examine if the individual mutations in the PirXI variant are both necessary 
for improved growth, we constructed the single mutants V270A and A273G and 
examined the effect on growth on xylose, particularly on the early growth phase. 
The growth curves indicate that the V270A mutation has a larger effect showing 
much earlier initiation of exponential growth (Figure 4), but also cells containing 
the A273G mutant PirXI showed a slight growth improvement compared to the 
cells expressing the wild-type enzyme.
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Figure 3. Expression level and cell-free extract activities of PirXI 
variants. Samples of 2 µg of crude extract protein prepared from cells 
grown on xylose medium were loaded on an SDS gel. The dominant 
bands at ~ 50 kDa represent PirXI. The expression level calculated by 
measuring the intensity of the bands is about 25% for both samples. 
WT: wild-type PirXI VA: V270A-A273G PirXI.   
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Kinetic properties of PirXI V270A-A273G
We expected that the positive effect of the V270A-A273G mutations on xylose-
supported growth would be due to improved catalytic parameters, i.e., increased 
catalytic rate (kcat) or a better substrate affinity (reduced KM). Since PirXI can 
be activated by different divalent metals and activities depend on the type of 
metal that is bound [22], we measured XI activities with metals that the enzyme 
potentially binds in vivo as previously found by metal analysis (Mg2+, Mn2+ or Ca2+) 
[21]. With none of these metals, the in vitro activities revealed an increased kcat 
or decreased KM for the mutant enzyme in comparison to wild type. In contrast, 
the wild type performed better in the presence of all metals tested, showing 
slightly higher catalytic rates and substrate affinities (Table 2). Especially, with 
Mn2+, the activity of the mutant decreased 50% compared to the wild type. This 
result indicates that an increase in specific activity with these metals, at least 
individually, is not responsible for the improved growth on xylose of yeast 
expressing V270A-A273G PirXI. 
Figure 4. Effect of the mutations V270A 
and A273G on growth. Growth in xylose 
medium of S. cerevisiae cells containing 
PirXI variants was followed. Wild type 
(green lines), V270A (blue lines), A273G 
(red lines) or V270A-A273G (orange 
lines). Measurements were performed in 
triplicate, shown as individual lines.
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Table 2. Kinetic parameters of PirXI variants.




-1) KM (mM) kcat / KM (s
-1·M-1)
WT
Mg2+ 130 ± 7 2.2 ± 0.1 7.1 ± 0.5 310
Mn2+ 0.44 ± 0.05 6.9 ± 0.2 6.2 ± 0.7 1110
Ca2+ 230 ± 20 0.8 ± 0.1 1360 ± 160 0.4b
V270A-A273G
Mg2+ 160 ± 14 1.8 ± 0.1 11.6 ± 1.6 155
Mn2+ 0.39 ± 0.05 2.8 ± 0.1 9 ± 1 310
Ca2+ 140 ± 12 0.28 ± 0.01 1760 ± 120 0.18b
S141N-T142S-
A143S-G174A
Mg2+ 126 ± 10 1.6 ± 0.2 27 ± 9 60
Mn2+ 2.4 ± 0.5 4.9 ± 1 37 ± 1.5 132
Ca2+ 96.5 ± 3.5 0.06 ± 0.01 1200 ± 300 0.03b
E15D-T142S
Mg2+ 190 ± 10 1.9 ± 0.1 22 ± 2 86
Mn2+ 2.1 ± 0.3 5 ± 0.2 53 ± 4 94
Ca2+ 50 ± 10 > 0.02 N. A 0.018b
N338C
Mg2+ 112 ± 7 4.2 ± 0.2 22 ± 2 191
Mn2+ 1.3 ± 0.3 7.2 ± 0.2 29 ± 1.5 248
Ca2+ 163 ± 6.5 0.78 ± 0.2 2800 ± 800 0.2b
a All assays were performed at 30˚C in 20 mM MOPS buffer, pH 7. Values are averages from three 
(wild type, V270A-A273G PirXI) or two (S141N-T142S-A143S-G174A, E15D-T142S and N338C PirXI) 
independent measurements. The margins represent standard deviations. 
b Catalytic efficiencies obtained from slopes of Michaelis-Menten plots at [S]<<KM because of the high 
KM for xylose in the presence of Ca
2+ as activating metal.
c The Kact value is defined as the metal concentration giving half-maximal activity, as measured with a 
saturating concentration of xylose (100 mM in case of Mg+ and Mn2+, 400 mM in case of Ca2+). 
Besides the metal-dependence of the isomerase, metal affinities were considered 
as a possible cause of improved in vivo enzyme performance. We estimated metal 
affinities of the wild-type and the mutant enzyme by measuring the activation 
constant (Kact) for each metal. This constant represents the metal concentration 
giving half-maximal enzyme activity. Since xylose isomerase requires two metals 
for activity, the value depends on the binding sites with the lowest affinity if both 
sites must be occupied. For measuring Kact with Mg
2+ and Mn2+, 100 mM xylose 
was used as substrate. In case of Ca2+, 400 mM xylose was used since the KM,xylose 
of the PirXI-Ca2+ is very high (Table 2). The data showed that the V270A-A273G 
mutant showed slightly higher affinity for Ca2+ and Mn2+, whereas the wild-type 
enzyme has slightly higher affinity for Mg2+ (Table 2). However, the differences 
are small and do not indicate a shift in metal affinity as the cause of improved 
growth. 
Metal affinity was also examined by measuring the effect of metal addition 
on PirXI thermostability since metal binding can stabilize metalloenzymes [37]. 
547288-L-bw-Lee
Processed on: 21-8-2020 PDF page: 159
159
5
STRUCTURE-BASED DIRECTED EVOLUTION IMPROVES S. CEREVISIAE GROWTH ON XYLOSE 
BY INFLUENCING IN VIVO ENZYME PERFORMANCE
Effects on apparent melting temperatures were measured in the presence of 
different concentrations of metals using thermal shift assays (Figure 5). The 
results showed that the apo forms of wild-type and V270A-A273G PirXI have 
a similar thermostability. Interestingly, whereas Tm,app of the wild-type PirXI 
increased with metal concentration according to a hyperbolic saturation-like 
curve, the Tm,app of the mutant enzyme was constant up to ca. 200 µM of Mn
2+ 
or Ca2+ added, with an increase at higher metal concentrations (Figure 5a, c). In 
contrast, when Mg2+ was added, the thermostability of the mutant enzyme was 
not increased even at concentrations that were saturating for enzyme activity 
(Figure 5b). The difference between the metal-concentration dependence of 
mid points of thermal shift assays and Kact values measured in the presence of 
substrate suggests that substrate influences metal binding, as also observed 
when examining X-ray structures of the enzyme with different combinations of 
ligands [22]. Only in the presence of the substrate xylose both metal binding sites 
in the crystal structures were occupied, whereas in xylitol- or glycerol-bound 
enzyme only the M1 metal site was occupied with a metal ion.               
The metal content of yeast cells is complex and consists of both free metal ions 
and metal ions bound to macromolecules [38]. In general, in vivo metal binding 
by metalloproteins is controlled by mechanisms such as intracellular metal 
homeostasis, localization of protein folding, and activities of metal transporters 
and  metallochaperones [39]. In a previous study (Chapter 4), we showed that 
changes in intracellular metal composition affect metal composition of PirXI, 
which in turn influences catalytic performance [21]. PirXI isolated from yeast 
grown on xylose is mostly bound with Ca2+, which barely activates the enzyme. 
Therefore, a large portion of PirXI does not contribute to in vivo conversion of 
xylose. In contrast, the smaller fraction of PirXI that is bound with the strongly 
activating Mn2+ contributes most to the in vivo enzyme activity [21].                                     
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In view of the complex metal composition of S. cerevisiae, we measured the 
activities of the wild type and the mutant in the presence of varying concentrations 
of Mn2+ and a fixed high concentration (1 mM) of Ca2+ (Figure 6). As expected, 
both variants showed higher activity with increasing concentration of Mn2+. 
Interestingly, the degree to which Mn2+ influenced the activity was different 
between the wild-type and the mutant enzyme. At low concentrations of Mn2+ (10 
– 100 µM) and in the presence of 1 mM Ca2+ the mutant enzyme showed slightly 
higher activity. This indicates that the activation of the mutant enzyme by Mn2+ 
in the presence of a high concentration of Ca2+ is improved. Even though the 
activity of the mutant is lower in the presence of Mn2+ or Ca2+ alone, at certain 
low Mn2+/Ca2+ concentration ratios, the V270A-A273G mutant enzyme is better 
activated than the wild type. These results suggest that differences in in vivo 
metal activation may be responsible for the improved growth of yeast cells 
expressing the V270A-A273G mutant PirXI.
Figure 5. Effect of metals on thermostability 
of PirXI. The graphs show the apparent 
melting temperatures of purified and EDTA-
treated wild-type PirXI (green lines) and the 
V270A-A273G mutant PirXI (orange lines) 
in the presence of various concentrations of 
metals (a Mn2+; b Mg2+; and c Ca2+). The Tm 
values are averages from two independent 
measurements. [E] = 20 µM. Error bars 
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Crystal structures of PirXI wild type and V270A-A273G
To examine possible structural changes in the V270A-A273G PirXI, we solved and 
compared crystal structures of this variant and the wild-type enzyme purified 
from yeast (Figure 7). The overall structures of the wild type and mutant enzyme 
are very similar and confirmed the mutations. In the mutant structure, the side 
chain of Phe280 moves ~ 0.5 Å in the direction of Ala270. Due to the decrease 
in hydrophobicity and size the surrounding waters also shift towards Ala270. 
Mutation A273G shows no effect on the structure. There is no significant difference 
between the two structures to explain the improved in vivo performance of the 
mutant. 
The enzyme crystals were prepared without removal or addition of metal ions 
so that only intrinsic metal ions are present. When the metal ions were refined 
as Mg2+, the Fo – Fc map showed unaccounted electron density at the metal 
positions suggesting the presence of heavier ions. In an anomalous electron 
density map a clear signal was observed at the M1 and M2a positions with ‐ levels 
of 4.8 and 3.5, respectively. Mg2+ ions do not have an anomalous signal at the 
in-house used wavelength of 1.54 Å. However, a comparison with anomalous 
maps of previously determined structures [22] shows similar peak heights in the 
Ca-xylose structure of PirXI (PDB entry 5NH8). Therefore, metal ions at the M1 and 
M2a positions were refined as Ca
2+ with 100% occupancy resulting in a flat Fo - Fc 
map in both the wild-type and the double-mutant structures. The temperature 
factors (B-factors) of the two Ca2+ ions are 11.9 and 16.4 for the wild type and 11.4 
and 19.3 for the mutant, which are lower than those of the surrounding residues. 
The distances of the coordinating side chains to the M1 ion in the wild type and the 
mutant enzyme isolated from yeast are similar to those in the wild-type Ca-xylose 
structure reported earlier (5NH8). These results indicate that most of the metal 
binding sites of PirXI isolated from yeast are occupied by poorly activating Ca2+ 
ions, both in the wild-type and in the PirXI V270A-A273G mutant enzyme. Other 
metal ions, such as Mg2+, Fe2+, Mn2+ or Co2+, may be bound with low occupancy.
Figure 6. PirXI activity in the presence of Ca2+ 
and Mn2+. 
The activities of wild-type enzyme (green 
line) and the variant V270A-A273G (orange 
line) on 100 mM xylose were measured in the 
presence of a mixture of 1 mM Ca2+ and various 
concentrations of Mn2+. The data represent the 
average values from duplicate measurements 
and the error bars represent standard deviations. 
547288-L-bw-Lee
Processed on: 21-8-2020 PDF page: 162
162
CHAPTER 5
Construction and screening of library LibM2 
A second library design for discovery of better xylose isomerase mutants focused 
on mutations in a stretch of six residues flanking the substrate binding site (Table 
3). In this case, to avoid the risk of improved growth by chromosomal mutations, 
we modified the screening procedure. After the yeast transformation with the 
library DNA, the growth of library colonies on solid medium containing xylose 
as sole carbon source was monitored by visual inspection. Plasmid DNA was 
isolated from suspected positive (larger) clones, retransformed and rescreened.  
Library design again included selection of target positions and diversity to be 
introduced at each position (Figure 8). The residues at the six target positions 
(Ser141, Thr142, Ala143, Asn144, Val145 and Gly147) at the C5 side of the substrate 
interact with the substrate either directly or indirectly. Therefore, it was expected 
that modifying these residues can improve substrate binding and the catalytic 
rate. Residue Thr142 is fully conserved throughout all known xylose isomerase 
sequences. In the structure it is connected to O5 of the substrate via a water 
molecule. To keep this interaction, we limited the diversity at this position to 
Thr and Ser. In a previous study, the PirXI T142S mutation was discovered to 
improve the growth of yeast on xylose [14]. We preserved Phe146 as it is fully 
conserved and it plays an important role in keeping the active site hydrophobic. 
Together with Trp189 and other hydrophobic aromatic residues (Trp50 and Phe61) 
this promotes the hydride shift by shielding the hydride from solvent [40–42]. The 
resulting library consists of 3584 variants (Table 3). 
Figure 7. Structural alignment 
of active sites of wild-type and 
V270A-A273G PirXI. 
The X-ray structures are of wild-type 
(grey) and V270A-A273G mutant 
(orange) PirXI, both isolated from 
yeast cells grown on xylose. Ligand 
colors: xylose (yellow – wild type, 
cyan – mutant); metals (light green – 
wild type, dark green – mutant).
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The library was constructed using the same strategy as for library LibM1. The 
initial E. coli transformation yielded ca. 8000 colonies and the diversity was 
confirmed by sequencing a plasmid mixture obtained from pooled transformants. 
The subsequent transformation to S. cerevisiae DS75543 resulted in over 8000 
colonies as well. For identification of clones showing improved xylose utilization, 
transformed cells were washed from glucose plates and spread on xylose plates 
(see Methods for details). Many cells did not grow at all or started to grow very 
slow, causing visible differences between individual colonies, also for wild type. 
The latter indicated that other factors than PirXI activity influenced colony growth, 
for example the physiological status of transformed cells at the moment of plating. 
After three rounds of screening and retransformation, 46 colonies which showed 
superior growth were selected. To identify the best variant, growth in xylose 
containing liquid medium was measured using 96-well plates and compared to 
wild type. Most of the 46 variants reproducibly showed improved growth. The 
xylose isomerase genes from the 24 best growing variants were sequenced, 
revealing 10 different variants, one of which was wild type. The sequences that 
appeared most frequent (4-8 times) were reconstructed in a clean background 
and the effects on growth on xylose were evaluated after transformation to fresh 
DS75543 cells. Among these mutants, variant S1 (S141N-T142S-A143S-G147A) 
consistently showed the biggest improvement on growth on xylose when several 
independent cultures were tested. As shown with variant V270A-A273G, the most 
significant effect of mutant S1 also appears to be on the earlier start of the growth 
while showing a slightly increased exponential growth rate (Figure 9).
Figure 8. Target residues for library 
LibM2.
Residues mutated in library M2 
(magenta) surround the substrate 
binding site. Residue Thr142 and 
xylose (yellow) may interact (dashed 
lines) via a water molecule (red 
sphere). Magnesium ions and the 
coordinating residues are depicted 
as green spheres and gray sticks, 
respectively. The metal binding 
residues and conserved active site 
hydrophobic residues Phe146 and 
Trp189 are shown as grey sticks. PDB 
5NH7.
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Table 3. Library LibM2 variants and codons.
Residue  Variants Codons freq. WT
S141 S I V A T G N RBC+AAC 0.14
T142 T S ASC 0.5
A143 A T G S RSC 0.25
N144 N L Q T CWG+AMC 0.25
V145 V L I C VTT+TGC 0.25
G147 G A T S RSC 0.25
Kinetic properties of PirXI S1 
The reconstructed PirXI mutant S1 was purified from E. coli and its activity was 
measured after reconstitution with different metals. As with variant V270A-
A273G, the Michaelis-Menten kinetic parameters measured in the presence of 
Mg2+, Mn2+ or Ca2+ revealed reduced kcat values as compared to wild-type (Table 
2). The KM for xylose was also several fold higher in the presence of Mg
2+ or Mn2+ 
compared to the wild type. Furthermore, the Kact values indicate that a shift in 
metal affinity does not promote better in vivo performance of the mutant enzyme 
as the affinity towards the most activating metal Mn2+ decreased, while the affinity 
towards Ca2+, which poorly activates the enzyme, increased.
Performance of other xylose isomerase mutants
The results described above indicate that both libraries yielded PirXI mutants 
that caused accelerated growth on xylose. Their properties also exhibited a 
disconnection between in vivo performance and in vitro catalytic properties. We 
further explored the ambiguous relation between in vivo and in vitro enzyme 
properties by studying PirXI mutants discovered independently in previous 
studies, using different S. cerevisiae host strains [9,14]. Using directed evolution 
with random mutant libraries, Lee et al. discovered PirXI variant E15D-T142S which 
increased the growth rate on xylose from 0.01 h-1 up to 0.06 h-1 [14]. Activities of 
these enzymes have only been measured with cell lysates, making a comparison 
difficult, but KM values appear high. Later, Katahira et al. discovered that mutations 
at position N338, especially substitution N338C, improved growth of yeast on 
xylose. This mutation was effective not only in PirXI but also in related XIs [9]. It 
was reported that yeast cells carrying the N338C variant of PirXI consumed xylose 
3 – 4 times faster than cells carrying wild-type PirXI. The catalytic properties of the 
mutant enzymes from these studies have not been described. Very recently, when 
our study work was nearing completion, Seike et al. described mutations in XI from 
Lachnoclostridium phytofermentans (LpXI) that enhanced d-xylose metabolism [11]. 
The most effective mutations were T63I and V162A. The corresponding positions 
in PirXI are distant from the active site and the mutations were not examined here.
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We constructed the two earlier PirXI mutants  [9,14], E15D-T142S and N338C, 
and confirmed that the variants are beneficial for PirXI-mediated growth of 
strain DS75543 on d-xylose as well (Figure 10). Subsequently, we expressed the 
mutants in E. coli, purified the enzymes and measured kinetic parameters. For 
this, activities were determined with Mg2+, Mn2+ or Ca2+ added to the apoenzyme 
and the activation constants were also determined (Table 2). As with the new 
mutants described in the current paper, Michaelis-Menten parameters and metal 
affinities did not reflect the positive effect of the mutations on growth, with the 
exception of an increased kcat of the N338C mutant in the presence of Mg
2+ and 
Mn2+. However, this enzyme also has a higher KM. This result shows that the 
disconnection between in vivo performance and in vitro properties of PirXI is not 
dependent on the screening strain or selection conditions. 
Figure 10. Growth of S. cerevisiae 
expressing PirXI variants E15D-T142S or 
N338C. Growth of cells expressing the 
wild-type PirXI (green lines), a mutant 
PirXI E15D-T142S (red lines) or N338C 
(blue lines) on xylose (20 g·l-1) medium 
were measured using a microtiter 
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Figure 9. PirXI mutant S1 (S141N-T142S-
A143S-G147A) improves growth on 
xylose. Growth of S. cerevisiae DS75543 
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Improving d-xylose metabolism is an ongoing challenge for optimizing second-
generation bioethanol production by engineered strains of S. cerevisiae. Important 
improvements in yeast performance have been achieved by evolutionary and 
metabolic engineering, which can influence different steps in central metabolism 
[16,43], and by enhancing the xylose uptake system [44,45]. Introduction of efficient 
enzymes for initial isomerization of d-xylose to d-xylulose is an equally important 
target. The incorporation of Piromyces xylose isomerase in xylulose fermenting 
yeast strains allowed xylose utilization [12,13], but very high expression levels are 
needed for optimal performance, as indicated by gene amplification up to over 
30 copies during adaptation [15,21], leading to production of xylose isomerase at 
up to 25% of the cellular protein (Figure 3). This suggested that the enzyme has 
poor in vivo kinetics and stimulated research aimed at discovering better xylose 
isomerase variants [9,14]. 
In view of the catalytic properties of PirXI, the need for such a high expression 
level is unexpected. At the observed xylose isomerase content of 25%, one would 
expect the isomerization reaction not to be growth-limiting. The relation between 
growth rate µ and xylose consumption V can be expressed as: 
where [E] is the enzyme content (ca. 0.1 g PirXI per g biomass estimated based 
on 25% of the total protein being XI, and a total protein content of 0.4 g per g 
biomass[46,47]), Vmax (8.3 U/mg, from kcat = 6.9 s
-1 with Mn2+) and KM (6.2 mM) 
have their usual meaning. Y represents the yield on xylose (0.25 g cell dry 
weight/g xylose converted) estimated from a previous study performed with S. 
cerevisiae grown in a similar condition [48]. This predicts a PirXI activity at [S] 
= 1 - 10 mM (reasonable intracellular substrate concentration) [49,50] of 1 - 4.6 
g xylose converted per g biomass per h, allowing a growth rate of µ = 0.25 – 
1.15 h-1. The experimentally observed growth was around 0.13 h-1, suggesting that 
xylose isomerase should not be rate limiting if it was fully active. PirXI is also 
well expressed and folded in vivo, which may be troublesome with other XIs, 
as illustrated by the extreme case of the xylose isomerase from Actinoplanes 
missouriensis, which in vitro looks catalytically superior to PirXI but fails to 
function in S. cerevisiae [6,51]. In view of earlier work on the effect of metals 
on PirXI activity and the observation that mutations influencing manganese 
homeostasis can improve xylose metabolism, we initially suspected that the 
modest activity of the enzyme might be due to suboptimal metal loading and 
bioethanol production by engineered strains of 
different steps in central metabolism [16,43]
important target. The incorporation of Piromyces 
strains allowed xylose utilization [12,13]
performance
suggested that the enzyme has poor in vivo 
better xylose isomerase variants [9,14].  
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reaction not to be growth-
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𝜇𝜇 = 𝑉𝑉 ∙ 𝑌𝑌 , with 
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that xylose utilization could be improved by engineering PirXI variants carrying 
mutations surrounding the metal binding sites. 
The discovery and engineering of XI variants that improve xylose metabolism 
has been pursued by different groups [9,11,52]. However, the connection between 
in vitro kinetics of xylose isomerase and yeast growth on xylose remains rather 
unclear. Recently, Seike et al. [11] compared xylose isomerases from different 
organisms and found that an enzyme from L. phytofermentans  (LpXI) and two 
mutants thereof gave the highest xylose consumption rate even though its 
activity measured in cell lysates were not better than those of cells expressing 
PirXI [7]. Mutants of LpXI that gave better xylose consumption were found. A 
higher activity (Vmax) and lower KM were found with a double mutant of LpXI, 
but the experiments were done with whole cell lysates reconstituted with Mg2+ 
so a comparison of intrinsic kinetic parameters is difficult. Similarly, an XI from 
Burkholderia cenocepacia which gave higher in vitro activity of cell lysates 
compared to PirXI and LpXI [52] did not seem beneficial for xylose fermentation 
[11]. In the same context, a recently discovered XI from the gut bacterium R. 
speratus was found to be better for xylose fermentation than PirXI, but this could 
not be explained by differences in in vitro catalytic performance [9]. 
We initially expected that selection of faster growing yeast strains from 
libraries expressing mutants of PirXI would give variants with improved kinetic 
parameters (higher kcat, lower KM) with Mn
2+. Also changes in metal binding 
affinity or shifts in metal preference could be expected. Two focused libraries 
with good diversity at the target positions were constructed and improved 
mutants were indeed obtained by batch culture selection and plate screening 
for higher growth rates. From the first library (LibM1), the same V270A-A273G 
PirXI variant was repeatedly retrieved, both from aerobic and anaerobic duplicate 
cultures. This indicates that the features of PirXI which limit growth of yeast on 
xylose are not dependent on oxygen availability, and that aerobic screening is 
possible to discover mutations that contribute to anaerobic xylose metabolism 
as well. Examining a reconstructed V270A-A273G PirXI mutant demonstrated 
that the improved performance was due to the mutations in the PirXI structural 
gene. A second focused library (LibM2) was screened on solid xylose medium 
and led to the discovery of the 4-fold mutant S141N-T142S-A143S-G174A. Again, 
the contribution of chromosomal mutations was excluded. After discovery of 
these new mutants, we investigated the relation between enzyme kinetics and 
improved growth, an issue that is also still open for earlier mutants of PirXI which 
were obtained by enrichment after error-prone PCR [9,14]. With the reconstructed 
mutant genes expressed in a clean expression vector and host, we found that all 
four PirXI variants improved growth on xylose of S. cerevisiae DS75543, a strain 
different from the one used earlier by others [9,14].
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Using purified proteins of the two new mutants (V270A-A273G and S141N-T142S-
A143S-G174A) as well as of the earlier variants (E15D-T142S and N338C) [9,14], 
we measured activities  and kinetic parameters under a variety of conditions. 
Activities at physiological pH (~7) and temperature (30 °C) initially did not reveal 
any obvious features of the mutant enzymes that account for faster growth 
on xylose. Measurements with enzyme variants that were reconstituted with 
a single type of metal indicated that the mutants under these conditions had 
no advantage over the wild type, but likely this incompletely reflects in vivo 
conditions where the enzyme binds mixtures of metals and needs to function 
in the complex environment of the cytoplasm. Metal binding in the cytosol of S. 
cerevisiae is dependent on metal availability as well as binding affinities, which 
differ among xylose isomerases and between the two binding sites [53,54]. The 
most pronounced yet small effect was the increased kcat of the N338C mutant 
with Mn2+ and Mg2+ as activating metals, as well as a slightly improved activity 
of the V270A-A273G variant in the presence of a low concentration of Mn2+ and a 
high concentration of Ca2+. Thus, at certain concentrations of these two metals, 
the mutant enzyme can be more active than the wild type. With all PirXI variants 
examined, Mn2+ gave much better activity than Ca2+, emphasizing the importance 
of Mn2+ homeostasis for enzyme activity, which was also shown in our previous 
study where cellular manganese content was enhanced by mutations in a metal 
transporter [21]. 
We also found that the main metal in PirXI isolated from yeast is Ca2+ and only 
a small amount of Mn2+ is present [21]. This metal composition of the enzyme is 
far from optimal for catalysis as Ca2+-bound PirXI shows very high KM for xylose, 
over 200-fold higher than with the catalytically preferred Mn2+ (Table 2). A shift 
in metal preference thus can explain improved in vivo performance, although 
establishing a quantitative correlation is impossible since in vivo metal binding of 
the enzyme is difficult to predict and measure, especially because the enzyme has 
two metal binding sites with different affinities, with one site essential for catalysis 
yet probably only occupied when substrate is bound [22]. Indeed, the fact that the 
metal composition of PirXI does not strictly follow the apparent metal affinities 
(Kact) and intracellular metal composition of S. cerevisiae indicates a complex in 
vivo metal binding mechanism of the enzyme [21]. Changes in metal binding were 
also suggested by a different response of the wild-type and mutant PirXIs to metal 
titration followed by thermal shift assays. While the thermostability of wild type 
increases with increasing metal concentrations, the mutant V270A–A273G required 
high concentrations of the metals (>200 µM) for an effect on thermostability, 
illustrating that the typical increase in thermostability of a metalloenzyme upon 
metal binding is abolished by the mutations. It is possible that binding of metals is 
affected by the availability and binding of substrate [22,40]. 
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Even though the mutations changed the metal specificity of the enzyme, increasing 
the affinity for both Mn2+ and Ca2+ slightly, crystal structures of mutated PirXI 
isolated from yeast showed that the enzyme still has Ca2+ ions occupying both 
metal binding sites. It is interesting that the structure of PirXI isolated from E. coli 
showed a metal composition quite different from that of the enzyme produced in 
yeast, with in case of the yeast enzyme only the M1 binding site being occupied 
by Fe2+ (25 %), Ca2+ (40%) and Mg2+ (35%) as estimated from structural refinement 
and with the M2 site left empty. These data confirm that in yeast most of the 
enzyme is loaded with the catalytically impractical Ca2+ ions, with a high impact 
on the in vivo performance of the enzyme. This indicates that conclusions about 
increased Vmax values of evolved XIs should be considered with care, especially 
in case of measurements performed with cell-free extracts instead of purified 
enzyme and in the presence of an excess of added Mg2+, which is routinely used 
in XI assays [11,14].
Other factors that might possibly influence in vivo enzyme performance 
include enzyme stability (lifetime), compartmentalization, and interaction with 
other cellular macromolecules. PirXI originates from a heterologous host causing 
the enzyme to be not evolutionarily optimized for functioning in S. cerevisiae. 
The distribution of metals over cellular compartments and the sequestration of 
metals by other macromolecules are likely to have a major impact on the metal 
availability for PirXI in vivo [55]. Such differences in enzyme properties beyond 
kinetic parameters may influence the performance of xylose isomerase variants. 
Differences between host strains, as well as variations in cultivation conditions 
and assay conditions make it difficult to compare the performance of xylose 
isomerases in yeast xylose metabolism. 
CONCLUSION 
As part of developing efficient second-generation bioethanol production, there 
have been efforts to engineer xylose isomerase variants that improve growth of 
S. cerevisiae on xylose. We found that design of focused libraries of Piromyces 
xylose isomerase, based on inspection of the crystal structure, followed by 
growth-based screening, gives mutants that improve the growth of yeast on 
xylose. The mutations differ from those found earlier in random mutant libraries 
constructed by error-prone PCR. The new mutants described here and the 
two mutants discovered earlier, did not show improved xylose isomerization 
kinetics when tested in vitro in the presence of an excess of single metals. Yet, 
metal occupation of the enzyme is of key importance as indicated by the low in 
vivo activities and the high calcium content found by metal analysis and X-ray 
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crystallography of xylose isomerase isolated from yeast. Small differences in 
relative metal affinities and activities can explain the improved growth caused by 
mutations in the second shell of metal coordination. Rational redesign of xylose 
isomerase for better in vivo performance would require a theoretical framework 
that describes xylose isomerase structure-activity relations as a function of metal 
incorporation and activation.
METHODS 
Strain and plasmid construct 
The E. coli strain used in this work is NEB 10 ß (New England Biolab). S. 
cerevisiae strain DS75543 is derived from RWB217 (Kuyper et al., 2005) and 
was constructed for xylose fermentation by genetic engineering and further 
improved for growth rate on xylose by laboratory evolution. Plasmids bearing 
the XKS1 and PirXI expression cassette were cured from the strain, and an XKS1 
overexpression cassette was re-introduced by integration in the yeast genome. 
The relevant genotype of DS75543 is the following: MATa, ura3-52, leu2-112, 
gre3::loxP, loxP-Ptpi ::TAL1, loxP-Ptpi::RKI1, loxP-Ptpi::TKL1, loxP-Ptpi::RPE1, 
TY1::Padh1XKS1+LEU2.
A yeast codon-optimized xylose isomerase gene-expression cassette, PTPI1_
XylA_TCYC1, was obtained from Prof. J.T. Pronk, TU Delft, and cloned into the 2µ 
plasmid pRS426-URA using SacI and SalI restriction sites. For E. coli expression, 
a pBAD/myc-His-derived plasmid containing E. coli codon-optimized XylA was 
used as described in our previous study [22]. 
Library construction 
The library construction strategy is schematically shown in Figure 11. A mutant 
PirXI library was created by cloning XylA fragments containing mutations into 
the pRS426-URA vector. The fragments and the vector were designed to contain 
> 20 bp overlaps for use of the Gibson assembly method for cloning. Appropriate 
partially undefined codons for generating the library were designed using a 
spreadsheet-based site-restricted library design tool called CoFinder [33]. Using 
primers containing the partially undefined codons and pRS426_pTPI_XylA as the 
template, PCR was performed to generate the library fragments. For creating 
the backbone, linearized pRS426_pTPI_XylA was used as the PCR template. The 
plasmid was linearized by using a restriction enzyme that cuts the DNA once 
outside of the backbone region. An AatII site was created for library LibM1 and 
the single existing BglII site was used for library LibM2. For both the fragment and 
the backbone generation, Phusion high-fidelity polymerase (ThermoFisher) was 
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used and the instructions of the manufacturer were followed for the PCR reactions. 
After PCR, template fragments were degraded by incubating the reaction mixtures 
with 1 µl of DpnI at 37 ˚C for 3 h. For Gibson assembly of library fragments and 
backbone, a total of ~100 ng DNA was added at a 1:3 ratio of purified backbone 
to gene fragments. The library DNA fragments were mixed proportionally to the 
number of variants that is theoretically carried by each fragment. The assembly 
reactions were performed following the protocol established by Gibson et al. 
[56]. Subsequently, three aliquots of 100 µl E. coli were transformed with 10 µl 
reaction mixtures and transformants were selected on LB agar plates containing 
50 µg mL-1 ampicillin. Plasmids from the entire E. coli transformant mixture were 
isolated, sequenced to confirm the diversity of the library and transformed to S. 
cerevisiae.
Figure 11. Library construction scheme. 
In silico prediction of enzyme stability 
The relative folding free energy differences ΔΔGFold between PirXI wild type and 
variants were predicted using FoldX calculations [32] based on the x-ray structure 
of the wild-type enzyme (5NH7) and in silico generated mutants.  
Site-directed mutagenesis 
Selected PirXI variants for expression in E. coli and S. cerevisiae were reconstructed 
by QuikChange site-directed mutagenesis. For PCR, PfuUltra II Hotstart master 
mix (Agilent) was used following the manufacturer’s instructions. Subsequently, 
1 µl DpnI was added to the reaction mixture, which was incubated at 37 ˚C for 3 h. 
Next, 10 µl of the reaction mixture were used to transform 100 µl NEB 10 ß cells. 
 
Figure 11. Library construction scheme.  
 
In silico prediction of enzyme stability  
The relative folding free energy differences ΔΔGFold between PirXI wild type and variants 
were predicted using FoldX calculations [32] based on the x-ray structure of the wild-type enzyme 
(5NH7) and in silico generated mutants.   
Site-directed mutagenesis  
         Selected PirXI variants for expression in E. coli and S. cerevisiae were reconstructed by 
QuikChange site-directed mutagenesis. For PCR, PfuUltra II Hotstart master mix (Agilent) was used 
following the manufacturer’s instructions. Subsequently, 1 µl DpnI was added to the reaction mixture, 
which was incubated at 37 ˚C for 3 h. Next, 10 µl of the reaction mixture were used to transform 100 
µl NEB 10 β cells.   
Transformation  
For E. coli transformation RhCl2-competent NEB 10 β cells were used and a standard heat-
shock protocol was applied. S. cerevisiae transformation was performed using the LiAc/SS carrier-
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For E. coli transformation RhCl2-competent NEB 10 ß cells were used and a 
standard heat-shock protocol was applied. S. cerevisiae transformation was 
performed using the LiAc/SS carrier-DNA/PEG method. The protocol established 
by Gietz et al. was followed [57], adjusting the duration of heat-shock to that 
works best for the DS75543 strain which was approximately 1 h. 
Yeast cultivation
For all yeast growth experiments a defined medium prepared according to 
Verdyun et al. [58] was used, either supplemented with 20 g·l-1 glucose (glucose 
medium) or 20 g·l-1 xylose (xylose medium) unless stated otherwise. For solid 
medium 2% agar was added prior to autoclaving. Cells were pre-grown on 
glucose medium and leftover glucose was washed away with ddH2O. The washed 
cells were resuspended in xylose medium and diluted appropriately. On-line 
growth measurements of S. cerevisiae were performed using a microplate reader 
(Synergy H1, BioTek). For this, 200 µl xylose medium was used in 96-well cell 
culture plates (Eppendorf) and samples from pre-cultures were added to an OD600 
of 0.02. Plates were covered with an optical-clear gas-permeable seal (Breath-
easy, Diversified Biotech). Cultures were grown at 30°C with continuous shaking 
(linear, 731 cpm, 2 mm shaking amplitude) and the OD600 was measured with 30 
min intervals. For off-line growth measurements cells were cultivated at 30 °C in 
100-ml shake flasks containing 25 ml xylose medium and the optical densities at 
600 nm was measured in a spectrophotometer using plastic cuvettes.  
Library screening by competitive growth  
After transformation, yeast cells were plated on solid glucose medium. All 
transformants were collected by gently scraping the colonies from the plate and 
divided for duplicates of aerobic and anaerobic screening. Prior to the screening, 
cells were pre-grown on glucose until the mid-exponential phase. For the aerobic 
screening, precultures prepared were diluted in 50 ml xylose medium to an 
OD600 of ~ 0.1 and grown at 30 °C with shaking at 135 rpm. For anaerobic growth, 
cells prepared from pre-cultures were inoculated in 100 ml xylose medium 
supplemented with 420 mg·l−1 Tween 80 and 10 mg·l−1 ergosterol. To keep the 
conditions oxygen-limited, the cultures were grown in 100-ml Schott glass bottles 
which were kept air-tight with a rubber stopper and a glass airlock. Autoclaved 
medium was flushed with argon for at least 20 min prior to inoculation. The 
cultures were grown at 30 °C without shaking, but occasionally stirred briefly 
to keep homogenous cell suspensions. For aerobic and anaerobic screening, 
transfers to fresh xylose medium were carried out when the cultures reached 
an OD600 of 8–10 and 2, respectively. After the 10th transfer, cultures were 
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harvested to investigate the evolved library diversity. Cells were pre-treated with 
zymolyase (Amsbio) and plasmids were isolated using a miniprep kit (Qiagen). 
The isolated plasmids were transformed to E. coli to produce sufficient plasmid 
DNA for sequencing. The plasmids were isolated from E. coli transformants using 
a miniprep kit and sequenced by GATC (Konstanz, Germany).
Library screening by comparative growth 
All library transformants were collected from glucose medium plates, washed 
and diluted with sterile ddH2O and plated on solid xylose medium. After 2–3 days 
of incubation, around 100 colonies that grew faster were selected by comparing 
colony sizes with cells expressing wild-type PirXI. Plasmids were isolated from 
selected transformants as described above and retransformed into fresh non 
-evolved yeast cells. The selection procedure was repeated twice and after the 
last round of yeast transformation and selection approximately 200 random 
colonies were picked and replicated both on glucose and xylose plates. Several 
colonies harboring wild-type PirXI were included as controls. Next, 46 colonies 
that grew faster than the controls on the xylose medium were selected and 
the corresponding colonies were picked from the glucose plate. The growth of 
the selected transformantsin liquid xylose medium was measured in a 96-well 
plate using a microtiter plate reader. The growth experiments with these 46 
transformants and wild-type PirXI carrying clones were performed in duplicate. 
The 24 best growing colonies were selected, plasmids were isolated and 
sequenced as described above.
Enzyme expression in E. coli and purification 
For in vitro enzyme analysis, PirXI variants were expressed in E. coli and purified. 
NEB 10ß cells harboring PirXI variants were grown in TB medium (12 g/l tryptone, 
24 g/l yeast extract, 5 ml/l glycerol, 2.31 g/l KH2PO4, and 16.43 g/l K2HPO4·3H2O) 
containing 50 µg·ml–1 ampicillin at 37 °C. For inducing expression, 0.2% (w/v) 
L-arabinose was added and the cells were cultivated for 16 h at 37 °C. The cells 
were harvested by centrifugation and purification of overexpressed XI was done 
as described in previously [22]. 
In vitro enzyme activity and metal affinity 
For measuring the XI activity in the presence of different metal cofactors, purified 
enzymes were first incubated overnight with 10 mM EDTA. Subsequently, any 
metal-EDTA complex and excess EDTA were removed by buffer exchange to 
20 mM MOPS (pH 7.0) using EconoPac 10-DG desalting columns (Bio-Rad). All 
enzyme activities were measured with sorbitol dehydrogenase (SDH, Roche 
Diagnostics GmbH) – coupled assay at 30 °C and pH 7.0 (20 mM MOPS). The 
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reactions were followed either using a spectrophotometer (1 ml mixtures) (Jasco) 
or with a microplate reader in (200 µl reactions) (Synergy H1, BioTek). All reactions 
contained 0.15 mM NADH, 1 mM divalent metal, 1.5 unit/ml SDH and D-xylose. 
The mixtures were incubated at 30 °C for 5 min and the reactions were initiated 
by addition of 0.05 – 0.2 µM apo XI. For measuring the activation constant for 
each metal, activities of XI on 100 mM (for Mg2+ and Mn2+) or 400 mM (for Ca2+) 
D-xylose in the presence of various concentrations of metals were determined 
using a microplate reader. Various concentrations of metals and PirXI were used 
according to the level of metal-dependent activity of the enzyme.
Thermostability measurement 
Thermostability of PirXI variants were determined by measuring an increase in 
fluorescence of Sypro Orange (Life Technologies, Carlsbad, CA, USA) during 
thermal unfolding [59]. The change of fluorescence emission at 575 nm was 
measured with CFX RT-PCR system (Biorad) while increasing the temperature 
from 20 to 90 °C at the rate of 0.5 °C·min-1. In order to evaluate the metal affinity 
of PirXI variants, various concentrations of divalent metal ions (MgCl2, MnCl2 
or CaCl2) ranging from 0 to 1.28 mM were included in 25 µl reaction mixtures 
containing 1 mg/ml apo PirXI and 2x of Sypro Orange dye.
Cell extract activity 
S. cerevisiae cells grown on xylose were harvested, washed with sterile ddH2O 
and resuspended with lysis buffer containing 20 mM MOPS (pH 7.0) and 100 U/g 
cells (w/w) zymolyase (Amsbio). The cell suspension was incubated at 30 °C 
with mild shaking at 50 rpm for 20 min. Next, the zymolyase-treated cells were 
disrupted by vortexing for 30 s with an equal volume of glass beads followed 
by cooling on ice for 1 min. The process was repeated five times. The cell lysate 
was spun down by centrifugation at 17,000 x g and the supernatant was collected 
as the cell-free extract (CFE). The total protein concentration of the CFE was 
measured by Bradford assay using bovine serum albumin (BSA) as the standard. 
Activity of the CFE on 100 mM xylose was measured by the SDS-coupled assay 
as described above without addition of any metals. 
Enzyme expression levels
Crude extracts of S. cerevisiae expressing either wild-type or V270A-A273G PirXI 
grown on xylose were prepared by lysing the cells as described above. Total 
protein concentrations were determined by the Bradford assay and 2 µg of 
protein from each cell extract was used for SDS-PAGE analysis. Along with the 
crude extract samples, 0.2, 0.4, 0.6, 0.8, 1 and 2 µg of purified PirXI were loaded 
on the same gel as references. An image of the gel was taken and analyzed using 
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the image processing program Image J (https://imagej.net). The intensity of the 
bands corresponding to PirXI were quantified and the expression levels were 
calculated.
Purification of PirXI expressed in S. cerevisiae for crystallography
A single colony of DS75543 cells containing PirXI was inoculated in 5 ml glucose 
medium and grown overnight. Next, cultures were diluted into a 50 ml glucose 
medium to an OD600 of 0.1 and cultivated at 30 °C until mid-exponential phase. 
The cells were washed and diluted into a 2 l xylose medium to a starting OD600 of 
0.1. The cultures were grown at 30 °C and harvested when the OD600 reached 3 – 
4. In order to minimize metal contamination and preserve in vivo enzyme-bound 
metals, we applied a gentle cell lysis method and a minimal purification step 
required as described below. Buffers used are as follows: A, 10 mM MOPS, pH 
7.5; B, 10 mM MOPS, pH 7.5 + 5 mM DTT;  C, 10 mM MOPS, pH 7.5 + 0.5 M sucrose; 
D, 10 mM MOPS, pH 7.5 + 0.5 M sucrose + 100 U/g cells (w.w) of zymolyase + 
EDTA-free protease inhibitor cocktail tablets (Roche); and E, 10 mM MOPS, pH 
7.5 + 0.5 M KCl.  The harvested cells were washed with buffer A and the pellets 
were resuspended in buffer B and subsequently incubated for 10 min on ice. The 
cells were centrifuged and washed with buffer C. The pellets were resuspended 
in 25 ml of buffer D and incubated at 30 degrees while gently shaken at 50 rpm 
for 1 h. The disruption of the cell walls of the yeast was monitored under a light 
microscope. Next, 25 ml of buffer A was added to the cell lysate mixtures and 
the cells were spun down at 1500 g for 5 min. The supernatants were carefully 
collected and centrifuged at 16,500 rpm for 30 min. PirXIs were purified from the 
CFE using an anion exchange column (Resource Q) by applying an ionic strength 
gradient using buffer A and buffer E.  Prior to sample loading the CFEs were 
diluted appropriately to reduce the ionic strength of the samples to a similar level 
of buffer A. Most of PirXI eluted with 50 – 100 mM KCl and the fractions of highest 
purity were collected for crystallization. 
Crystallization and structure determination
Wild-type xylose isomerase and XI mutant V270A-A273G were crystallized by the 
hanging-drop vapor diffusion method with 14-17% PEG3350, 0.08 M ammonium 
sulfate and 0.1 M HEPES, pH 7.0 [22]. For soaking experiments, the stabilizing 
solution was supplemented with 2 M xylose. Datasets were collected at the in-
house source at 110 K [22]. Details and processing statistics are given in Table 
4. Processing was done with XDS [60]. The structure of xylose isomerase (PDB 
code 5NH5), with all waters and ligands removed, was used as a starting model. 
Refinement was done with Refmac5 [61]. Sugar ligands and ions were manually 
placed in sigmaA-weighted 2Fo – Fc, Fo – Fc and anomalous electron density 
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maps [62] with the program Coot [63]. The atomic coordinates and the structure 
factors of the structures have been deposited in the Protein Data Bank (code 6T8E 
for native and 6T8F for V270A-A273G PirXI)
Table 4. Data collection and refinement statistics.
Wild type V270A-A273G
Resolution range (Å)a 46.6 – 1.86 (1.89 - 1.86) 46.6 – 2.0 (2.03 – 2.00)
Cell dimensions
  a, b, c (Å) 78.5, 79.3, 91.9 78.6, 79.4, 92.0
  α, ß, γ (o) 115.5, 90.0, 117.1 115.5, 90.0, 117.1
  Number of unique reflections 135735 (5669) 111563 (5325)
  Completeness (%) 93.6 (79.1) 95.3 (92.1)
  Overall I/σ (I) 7.1 (1.9) 5.3 (2.0)
  Rmerge (%) 6.7 (31.8) 6.8 (24.4)
  R/ Rfree (%) 13.9 / 17.6 15.4 / 18.5
R.m.s. deviations from ideal values
  Bond lengths (Å) 0.009 0.010
  Bond angles (°) 1.55 1.55
Protein residues 
  Ca2+ ions 4 x 2 4 x 2
  Water molecules 1907 1745
  Xylose molecules 22 18
  Sulfate ions 7 6
  PDB accession ID 6T8E 6T8F
a Values in parentheses are for the highest resolution shell.
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SUMMARY
Since many years, xylose isomerase (or glucose isomerase) is an important 
enzyme in the production of high-fructose syrups from starch. More recent interest 
is mainly related to its application in the conversion of d-xylose to d-xylulose. 
Whereas xylose is not fermented to ethanol by the common yeast Saccharomyces 
cerevisiae, its isomerization product xylulose can be metabolized, making this 
an important reaction for efficient production of second-generation bioethanol 
from xylose-rich hemicellulose biomass. The use of xylose isomerase for the 
classical glucose to fructose conversion is well established and highly optimized, 
e.g. by exploring various homologous enzymes, by improving enzyme stability 
via protein engineering, and through bioprocess design, including enzyme 
immobilization. As a result, the xylose isomerase-catalyzed production of high-
fructose syrups is widely applied in the food and beverages industries with an 
annual production of over 15 million tons globally. On the other hand, efforts to 
optimize the enzyme for application in second-generation bioethanol production 
have started only recently. 
Engineering of xylose isomerase for better ethanolic fermentation of xylose 
should be aimed at improving in vivo enzyme performance in engineered strains 
of S. cerevisiae. Lignocellulosic biomass is a much more attractive raw material 
for ethanol production than starch or sugars obtained from crops that need to 
be specially cultivated for this purpose. However, efficient use of xylose present 
in lignocellulose hydrolysates requires metabolically engineered yeast strains 
capable or rapid xylose isomerization. Since the kinetic properties of the xylose 
isomerase will be reflected in the efficiency and rate of xylose fermentation, 
discovery or engineering of xylose isomerases with better activities is highly 
important for developing improved yeast strains. In this PhD project, we have 
explored xylose isomerase from the fungus Piromyces (PirXI) and exploited 
different engineering approaches to improve its activity and in vivo performance. 
The high expression level of xylose isomerase in laboratory-evolved yeast strains 
and the modest activity of the enzyme recovered from yeast cells indicate poor in 
vivo performance of the enzyme. 
To develop an effective strategy for structure-based enzyme engineering, 
characterization of the enzyme was necessary. No reports on the biochemical 
properties of isolated PirXI were available at the start of this work. Accordingly, 
we isolated the PirXI protein via expression in E. coli and performed a thorough 
analysis of the catalytic properties of the enzyme and solved several structures 
by X-ray crystallography. We focused on the metal dependence of the catalytic 
properties and how it might affect the in vivo activity of the enzyme. The results 
from isomerase activity assays, metal analysis of purified enzyme, and inspection 
of X-ray structures of native and metal-reconstituted variants all suggested that 
PirXI is promiscuous regarding metal acceptance. Among the metals tested, 
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Mn2+ was the best both in terms of activity and affinity. However, despite this 
high affinity, the low levels of Mn2+ present in yeast cells in combination with 
the high-level expression of PirXI caused in vivo enzyme activity to be far lower 
than expected. The metal analysis of the PirXI protein purified from yeast cells 
grown on xylose showed that most enzyme was metal-free or contained Ca2+ as 
metal, which was a poor activator. The more rapid growth on xylose of mutant 
yeast cells with an elevated intracellular Mn2+ content (ΔPMR1 strains) showed 
the importance of PirXI metal content for its in vivo catalytic performance and 
identified metal loading as a limiting factor for rapid xylose metabolism. 
The structural and biochemical information gained in Chapter 2 and the 
finding that the intracellular metal composition of PirXI is important for xylose 
metabolism described in Chapter 4 allowed us to design enzyme engineering 
studies comprising both rational and semi-random approaches. Structural and 
phylogenetic information was used in a strategy aimed at optimizing the pH-
activity profile and metal specificity in order to better meet the intracellular 
conditions of S. cerevisiae. In Chapter 3 we identified several mutations that gave 
the desired changes in catalytic properties – increased activity at lower pH or 
higher activity with Mg2+, a metal that is abundant in vivo.  Through sequence- 
and structure comparison with xylose isomerases that show a higher activity 
with Mg2+ as the activating metal, we discovered mutations that increased 
activity with Mg2+, which would have been difficult to predict as they occur 
at positions that are quite distant from the active site. Altering electrostatic 
interactions by mutations replacing charged residues increased activity at lower 
pH, which should be advantageous for activity in the slightly acidic intracellular 
environment of yeast cells. Again, some of the mutations were far away from the 
active site. Interestingly, we discovered that the higher in vitro enzyme activity 
did not necessarily improve in vivo enzyme performance, which should have 
been reflected by more rapid growth on xylose. 
For discovery of further enzyme variants with improved xylose isomerase 
activity, we exploited growth based-screening methods in combination with 
semi-random mutagenesis. In Chapter 5, using the biochemical and structural 
data established earlier, we designed focused libraries of PirXI with mutations 
around the metal-binding residues and by growth-based selection we discovered 
variants that gave improved growth of S. cerevisiae on xylose. These mutants, 
however, did not show any superior in vitro property that could explain the 
improved growth of the yeast cells. 
In both engineering approaches we explored throughout the project, site-
directed mutagenesis with in vitro screening (Chapter 3) and structure-based 
semi-random mutagenesis with in vivo screening (Chapter 5), we encountered 
for most mutants a discrepancy between the in vivo and the in vitro enzyme 
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activities. The consistent appearance of a disconnection between the in vitro 
activity of xylose isomerase and in vivo performance suggests that the enzyme 
has some distinct properties that have a major effect on the kinetics of xylose 
utilization by yeast but that are not detected in the common laboratory assays. 
Further studies are needed to uncover these properties, which would be of major 
importance for new strategies for mutant design. Below, we propose some 
possible causes of the observed disconnection and suggest studies that should 
be considered for further engineering of xylose isomerase.  
First of all, in vitro activity assay conditions may not quite represent the in vivo 
environment where the enzyme acts in the complex cytoplasm of S. cerevisiae. 
Although activity assays were done while taking into account some physiological 
conditions (30°C, pH 7.0), other factors than only temperature and pH will influence 
in vivo activity as well. One major issue is the selection of appropriate metal 
compositions for in vitro assays which should accurately reflect in vivo availa-
bility of metals. For estimation of the latter, a reliable measurement of cytosolic 
metal composition is necessary. Yeast ionomic data are available from several 
studies and we have also measured cellular metal composition of S. cerevisiae 
grown on xylose, but it should be noted that the values represent total or 
averaged metal content. Since S. cerevisiae sequesters metal ions in organelles 
such as the vacuole for regulation of intracellular metal concentration, such 
values may not be appropriate for estimating the availability for incorporation 
into xylose isomerase. Metal analysis of carefully isolated cytosolic fraction may 
provide a more realistic estimate of metal availability for in vivo activity of xylose 
isomerase, but still would not account for sub-cytoplasmic heterogeneity and the 
kinetics of metal incorporation. Part of the cytoplasmic Mn2+ and Mg2+ could be 
bound to other biomacromolecules.
Besides determining the metal composition of enzyme isolated from yeast 
cells, further studies on the kinetics and thermodynamics of metal binding could 
help to better understand the process of in vivo metal binding and elucidate 
how it influences activity. Although we learned that Mn2+ is the preferred metal 
for PirXI activity, the two metal binding sites of xylose isomerases may bind 
different metals with distinct affinities, which should be further investigated. For 
this, one can pursue the use of techniques such as stopped-flow spectroscopy, 
taking advantage of the three tryptophan residues that are near the substrate 
and metal binding sites. In trial stopped-flow assays we found that metal binding 
gives a clearly detectable change in intrinsic protein fluorescence and observed 
a pronounced effect of substrate on the observed rates. So far, fitting of the data 
to standard models for ligand binding failed, but more detailed measurements 
and analysis with different kinetic schemes may solve this problem and unravel 
details on the process of metal binding. It may be rather complicated in view 
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of the two binding sites, the tetrameric structure, the metal promiscuity of the 
enzyme, and a possible effect of the catalytic cycle on metal complexation.
Secondly, it is possible that other factors than enzyme catalytic activity per se 
are responsible for the suboptimal in vivo performance of the enzyme. In Chapter 
3, we discovered incomplete metal binding of PirXI expressed in S. cerevisiae 
and found that most of the bound metal was Ca2+, which is a poor activator 
because it enhances the KM with xylose to a very high value. The low amount of 
isomerase protein that is appropriately activated by Mg2+ or Mn2+ could possibly 
cause overproduction of the enzyme in adapted strains to compensate for the 
abundance of inactive enzyme. Unknown interactions of the recombinantly 
expressed xylose isomerase with other enzymes could also affect xylose 
assimilation. During isolation of PirXI from S. cerevisiae, we often experienced 
difficulties to separate PirXI from a protein that co-elutes PirXI, which was 
discovered to be a triosephosphate isomerase (TPI) by mass spectrometry. TPI 
is an essential enzyme in glycolysis as well as in xylose metabolism, and co-
elution of the enzyme with PirXI indicates a possible interaction. To examine such 
an interaction and establish if it interferes with activity, further investigation is 
required. Besides the catalytic properties of the individual enzymes, interactions 
with other macromolecules and the presence of low-molecular weight effectors 
may influence in vivo performance. Possibly only a fine balance between intrinsic 
activity, regulatory mechanisms, and the influence of yet unknown components in 
the crowded cytoplasm can result in optimal xylose isomerase activity. Mutations 
more distant from the active site, few of which were pursued in this work, may act 
via global effects on interactions beyond enzyme-substrate recognition.
Even though there are still many questions to be solved to obtain a complete 
understanding of the in vivo behavior of PirXI, we believe that the results of the 
extensive studies reported in this thesis brought us a step closer to obtaining an 
optimized enzyme for efficient bioethanol production. We reported the first 3D 
structures of a class II xylose isomerase with various combinations of ligands 
bound. These PirXI structures will be useful for further understanding the 
structural diversity of xylose isomerases and for unraveling structure-function 
relations of the enzyme. By comparing structures with combinations of metals, 
substrate, product and substrate analogs, we gained an understanding of the 
metal-dependence of the catalytic activity. The biochemical studies on PirXI 
provided information on the metal-dependence, which differed from that of 
most other xylose isomerases. The collaboration with our metabolic engineering 
colleagues in Delft led to the important discovery that the in vivo metal 
composition strongly influences PirXI activity and thereby metabolism of xylose 
by S. cerevisiae. Our enzyme engineering studies, both with rational and smart-
library based approaches, brought us to the sobering yet important conclusion 
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that there is a disconnect between in vitro properties and in vivo performance of 
the enzyme. 
From a practical enzyme engineering point of view, the semi-random 
approach in combination with in vivo selection seems to be more efficient than 
activity-based in vitro screening. The former will avoid complications due to 
uncertainty about interactions that obstruct the correlation between in vivo 
and in vitro performance, and the discovered variants can quickly be examined 
for fermentation properties. Insight from such selections may be obscured by 
mutations not in the PirXI gene but elsewhere in the yeast genome, but the 
identity and effects of such mutations can be established by sequencing and 
retransformation experiments. At the same time, rational engineering of the 
enzyme and further characterization of the behavior of mutants will expand our 
understanding of enzyme properties that govern in vivo behavior, which in turn 
can be used to improve mutant library design. Detailed analysis of the cellular 
behavior of selected variants should hopefully connect the missing dots between 
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Translated by Titia R. Oppewal
Al heel lang is xylose-isomerase (of glucose-isomerase) een belangrijk enzym 
bij de productie van siropen met een hoog fructosegehalte. Recentelijk is er 
interesse ontstaan het enzym toe te passen bij de conversie van d-xylose naar 
d-xylulose. Xylose kan niet worden gefermenteerd tot ethanol door de gist 
Saccharomyces cerevisiae, maar het isomerisatieproduct xylulose wel, hetgeen 
deze reactie belangrijk maakt voor een efficiënte productie van tweede-generatie 
bio-ethanol uit xylose-rijke hemicellulosebiomassa. Als veelgebruikt enzym 
voor de klassieke omzetting van glucose in fructose is xylose-isomerase al sterk 
geoptimaliseerd, bijvoorbeeld door het vergelijken van verschillende homologe 
enzymen, door verbetering van de enzymstabiliteit via protein-engineering 
en door bioprocesontwerp, inclusief enzymimmobilisatie. Deze door xylose-
isomerase gekatalyseerde productie van fructose-siropen wordt op grote schaal 
toegepast in de voedingsmiddelen- en drankenindustrie met een jaarlijkse 
omvang van meer dan 15 miljoen ton wereldwijd. Inspanningen om het enzym te 
optimaliseren voor toepassing bij de productie van tweede-generatie bio-ethanol 
zijn echter pas kort geleden begonnen.
Het sleutelen aan xylose-isomerase voor een betere productie van ethanol uit 
xylose moet gericht zijn op het optimaliseren van de prestaties van het enzym in 
genetisch gemodificeerde stammen van S. cerevisiae. Lignocellulose-houdende 
biomassa is een veel aantrekkelijker grondstof voor de productie van ethanol 
dan zetmeel of suikers die zijn verkregen uit gewassen die speciaal voor dit doel 
moeten worden geteeld. Efficiënt gebruik van de xylose die ruimschoots aanwezig 
is in lignocellulose-hydrolysaten vereist echter genetisch gemodificeerde 
giststammen die in staat zijn tot snelle xylose-isomerisatie. Omdat de kinetische 
eigenschappen van het xylose-isomerase hun weerslag hebben op de efficiëntie 
en snelheid van het fermentatieproces, is het ontwikkelen van xylose-isomerasen 
met een betere activiteit van groot belang. In dit promotieonderzoek hebben we 
xylose-isomerase uit de schimmel Piromyces (PirXI) onderzocht en verschillende 
benaderingen gebruikt om zowel de activiteit als de in vivo-prestaties te 
verbeteren.
Teneinde een  effectieve strategie de verbetering van xylose isomerase te 
ontwikkelen, was allereerst een goede karakterisering van het enzym noodzakelijk. 
Aan het begin van ons onderzoek was geen informatie over de biochemische 
eigenschappen van PirXI beschikbaar. Wel was bekend dat xylose-isomerasen 
metaalionen nodig hebben voor activiteit. Om dit enzym te kinnen bestuderen 
isoleerden we het PirXI-eiwit via expressie in E. coli, voerden een grondige 
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analyse uit van de katalytische eigenschappen en losten verschillende structuren 
op met röntgenkristallografie. We hebben ons in die fase vooral gericht op de 
metaalafhankelijkheid van de katalytische eigenschappen en hoe deze de in 
vivo-activiteit van het enzym kan beïnvloeden (hoofdstuk 2). De resultaten van 
metingen van isomerase-activiteiten, metaalanalyse van gezuiverd enzym en 
inspectie van röntgenstructuren van natuurlijke en met metaal gereconstitueerde 
varianten suggereerden allemaal dat PirXI niet eenkennig is met betrekking 
tot metaalacceptatie. Wel zijn er belangrijke verschillen tussen het effect van 
verschillende metalen. Van de geteste metalen was Mn2+ de beste, zowel qua 
activiteit als affiniteit voor xylose. Ondanks dat was de in vivo-enzymactiviteit 
veel lager dan verwacht vanwege de lage concentraties van Mn2+ in gistcellen in 
combinatie met de hoge expressie van PirXI. Gistcellen bevatten meer Mg2+ en 
Ca2+, maar helaas geven deze metalen minder goede activatie van het enzym.
Met de structurele en biochemische informatie verkregen in hoofdstuk 2 en 
de ontdekking dat de intracellulaire metaalsamenstelling van PirXI belangrijk 
is voor het xylose-metabolisme (hoofdstuk 4), slaagden we erin het protein-
engineering onderzoek zo op te zetten dat het zowel rationele als semi-willekeurige 
benaderingen omvatte. We gebruikten structurele en fylogenetische informatie 
om het de pH-afhankelijkheid en de metaalspecificiteit te optimaliseren en zo 
beter te voldoen aan de intracellulaire condities van S. cerevisiae. In hoofdstuk 
3 identificeerden we verschillende mutaties die de katalytische eigenschappen 
vebeterden, namelijk verhoogde activiteit bij lagere pH en hogere activiteit in 
aanwezigheid van Mg2+ – een metaal dat voldoende in de cel aanwezig is. Door 
sequentie- en structuurvergelijking met andere xylose-isomerasen ontdekten 
we mutaties die de activiteit van het enzym verhoogden in aanwezigheid van 
Mg2+. Deze mutaties zouden anderszins lastig te voorspellen zijn geweest, omdat 
ze optreden op posities die ver van het actieve centrum verwijderd zijn. Tevens 
vonden we dat het wijzigen van elektrostatische interacties door het aanbrengen 
van mutaties die geladen aminozuurresiduen vervangen een positief effect had 
op de activiteit van het enzym bij lage pH, hetgeen gunstig zou moeten zijn voor 
activiteit in gistcellen met zijn licht zure omgeving. Opnieuw bleek dat sommige 
gunstige vrij ver weg lagen van het actieve centrum. Opvallend is dat een hogere 
enzymactiviteit in vitro niet noodzakelijkerwijs de in vivo-enzymprestaties 
verbeterde. Een enzym dat beter leek bij initiële testen gaf niet altijd een sneller 
metabolisme van xylose.
Voor de ontdekking van enzymvarianten die ook in vivo beter functioneerden 
hebben we op groei gebaseerde screeningsmethoden gebruikt, in combinatie 
met semi-willekeurige mutagenese. Op grond van de eerder vastgestelde 
biochemische en structurele gegevens ontwierpen we in hoofdstuk 5 gerichte 
bibliotheken van PirXI-varianten met mutaties rond de metaalbindende residuen. 
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Vervolgens ontdekten we met in vivo selectie varianten die verbeterde groei van 
S. cerevisiae op xylose gaven. Deze mutanten vertoonden echter geen superieure 
in vitro-eigenschappen die de snellere groei van de gistcellen konden verklaren.
Bij beide benaderingen die we gedurende het project hebben onderzocht, 
namelijk plaats-gerichte mutagenese met in vitro-screening (hoofdstuk 3) en op 
structuur gebaseerde mutagenese met in vivo-screening (hoofdstuk 5) vonden 
we voor de meeste mutanten een discrepantie tussen de in vivo- en de in vitro-
enzymactiviteiten. Het consistent optreden van een verschil tussen de in vitro-
activiteit van xylose-isomerase en de in vivo-prestaties doet vermoeden dat het 
enzym specifieke eigenschappen heeft die een groot effect hebben op de kinetiek 
van het gebruik van xylose door gist, maar die niet worden waargenomen 
in de gebruikelijke laboratoriumtests. Verdere studies zijn nodig om deze 
eigenschappen aan het licht te brengen aangezien deze van groot belang kunnen 
zijn voor de ontwikkeling van nieuwe strategieën voor mutantontwerp.
Hoewel er nog veel vragen moeten worden opgelost voor een  volledig begrip 
van het in vivo-gedrag van PirXI, zijn we van mening dat de resultaten van het 
onderzoek  die in dit proefschrift worden beschreven ons een stap dichter bij het 
verkrijgen van een geoptimaliseerd enzym voor efficiënte bio-ethanolproductie 
hebben gebracht. We rapporteren de eerste 3D-structuren van een klasse II 
xylose-isomerase met verschillende combinaties van gebonden liganden. Deze 
PirXI-structuren zijn nuttig voor een beter begrip van de structurele diversiteit van 
xylose-isomerasen en voor het ontrafelen van structuur-functierelaties van het 
enzym. Door structuren te vergelijken met combinaties van metalen, substraat, 
product en substraatanalogen kregen we inzicht in de metaalafhankelijkheid van 
de katalytische activiteit. Het biochemische onderzoek van PirXI leverde informatie 
op over de metaalafhankelijkheid, die verschilde van die van de meeste andere 
xylose-isomerasen. De samenwerking met onze Delftse collega’s op het gebied 
van  metabole engineering leidde tot de ontdekking dat de het metaal-gehalte 
van de cel invloed heeft op metaalbinding door xylose-isomerase – en daarmee 
op het metabolisme van xylose door S. cerevisiae. Het protein-engineering 
onderzoek, met gebruik verschillende strategieën voor het construeren van 
enzym-varianten, bracht ons tot de enigszins ontnuchterende maar niet minder 
belangrijke conclusie dat de in vitro-eigenschappen van het enzym niet altijd 
direct verbonden zijn met zijn in vivo-prestaties.
Vanuit praktisch oogpunt van enzymontwerp lijkt de semi-willekeurige 
benadering in combinatie met in vivo-selectie efficiënter te zijn dan een op 
activiteit gebaseerde in vitro-screening. De eerste vermijdt de complicaties die 
samenhangen met de onzekerheid over de interacties die de overeenkomst tussen 
in vivo- en in vitro-prestaties verstoren. Bovendien kunnen  de fermentatie-
eigenschappen van de ontdekte varianten snel worden onderzocht. Inzichten 
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uit dergelijke selecties kunnen worden vertroebeld door mutaties die niet in het 
PirXI-gen voorkomen maar elders in het gistgenoom. De identiteit en effecten 
van dergelijke mutaties kunnen echter worden vastgesteld door middel van 
sequentiebepaling en hertransformatie-experimenten. Tegelijkertijd zullen het 
rationeel ontwerp van het enzym en de verdere karakterisering van het gedrag 
van mutanten ons begrip vergroten van enzymeigenschappen die het in vivo-
gedrag bepalen. Dit kan op zijn beurt worden gebruikt om de strategieën voor 
het ontwerp van mutanten te verbeteren. Gedetailleerde analyse van het cellulair 
gedrag van geselecteerde varianten zal hopelijk de ontbrekende schakels tussen 
de in vitro-eigenschappen en in vivo-prestaties van xylose-isomerasen in het 
xylose-metabolisme ophelderen.
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I started my career in science by pursuing my BSc. in Life Science and 
Biotechnology at Kyungpook National University in my hometown of Daegu, 
South Korea. During my undergraduate studies, my curiosity for the world had 
led me to spend a year in Australia and an exchange semester at the Bonn-Rhein-
Sieg University of Applied Sciences, Germany. 
Upon completion of my study, I moved to Dubai, U.A.E. working as a cabin 
crew at Emirates airline. After having enjoyed the privilege to travel the world for 
four and a half years I decided to continue my path in science in The Netherlands, 
starting my graduate studies in Molecular Biology and Biotechnology in 2012. 
During my first project in Prof. Fraaije’s group at the University of Groningen, 
I learned the tools and methods for enzyme engineering in order to expand the 
substrate scope of Chitooligosaccharide oxidase. In my second project at Dyadic 
in Wageningen, I helped to develop a fungal strain for biofuel production. 
After finishing my MSc, I wanted to continue focusing on enzyme engineering 
and I joined Prof. Dick Janssen’s group for my PhD project. This project, which 
was part of the BE-Basic R&D program, aimed to improve the efficiency of S. 
cerevisiae-based lignocellulosic bioethanol production. My goal, specifically, was 
to improve xylose isomerase for efficient in vivo conversion of xylose, applying 
a variety of enzyme engineering strategies and enzyme screening methods while 
collaborating with experts in the field of yeast biology. 
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more difficult. Thank you for all your support and always being there for me. Even 
though you had to drive back and forth between Groningen and Nürnberg almost 
every week, you never complained – you are an amazing 남편. I am also very sorry 
for the many weekends we spent in the lab – my PhD degree is our coproduction 
work. 사랑한다!! 
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